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Figure 5.33 MWD for chain extension of TITNO-PBA with styrene in miniemulsion 
polymerization at 90 °C 
 
256 
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Figure 5.34 Plot of xn and NT for chain extension of TITNO-PBA with styrene in 
miniemulsion polymerization at 90 °C 
 
257 
Figure 5.35 Plot of conversion vs time for chain extension of TITNO-PBA in 
miniemulsion polymerization at 90 °C with 7.59 mol% of Vazo 88 to 
TITNO-PBA 
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Figure 5.36 Plot of Mn and ƉM vs conversion for chain extension of TITNO-PBA in 
miniemulsion polymerization at 90 °C with 7.59 mol% of Vazo 88 to 
TITNO-PBA 
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Figure 5.37 MWD for chain extension of TITNO-PBA in miniemulsion 
polymerization at 90 °C with 7.59 mol% of Vazo 88 to TITNO-PBA 
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Figure 5.38 Plot of  xn and NT for chain extension of TITNO-PBA with styrene in 
miniemulsion polymerization at 90 °C with 7.59 mol% of Vazo 88 to 
TITNO-PBA 
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Figure 5.39 MWD for chain extension of PBA-TITNO with BA in miniemulsion 
polymerization at 90 °C 
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Glossary of Common Abbreviations, Acronyms and 
Symbols. 
Abbreviations and Acronyms 
AIBN     2,2’-Azobis(2-methyl-propionitrile) 
ATRP     Atom-transfer radical polymerization 
BA     n-Butyl acrylate 
BlocBuilder MA   N-(Tert-butyl)-N’-(1-diethylphosphono-2,2’-dimethyl 
                                               -propyl)-O-(2-carboxyl-prop-2-yl)hydroxylamine 
BPO     Benzoyl peroxide  
CMC     Critical micelle concentration 
Dmac    Dimethylacetamide 
EDL     Electrical double layers 
EPR     Electron paramagnetic resonance 
FID     Free induction decay 
GLC     Gas-liquid chromatography  
GPC     Gel permeation chromatography 
HD    Hexadecane 
IUPAC    International Union of Pure and Applied Chemistry 
KPS     Potassium persulfate 
L-AA     L-Ascorbic acid  
L-AAP    L-Ascorbic acid 6-palmitate 
m-CPBA   m-Chloroperbenzoic acid 
MONAMS    N-(Tert-butyl)-N’-(1-diethylphosphono-2,2’- dimethyl 
                                              -propyl)-O-(1-methoxycarbonyl-ethyl)hydroxylamine 
MWD    Molecular weight distribution 
NMP     Nitroxide-mediated polymerization 
NMR     Nuclear magnetic resonance  
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PBA-b-PS    Poly(n-butyl acrylate)-block-polystyrene block  
                                                copolymers  
[PBA-b-P(BA-co-Sty)]  Poly(n-butyl acrylate)-block-poly[(n-butyl acrylate)-co- 
                                                styrene] block copolymers 
PCS     Photon correlation spectroscopy 
PRE     Persistent radical effect 
RAFT     Reversible addition-fragmentation chain-transfer 
RDRP     Reversible-deactivation radical polymerization 
SDS     Sodium lauryl sulphate 
SG1    N-(Tert-butyl)-N’-(1-diethylphosphono-2,2’-demethyl- 
                                                propyl)nitroxide 
Styryl-TITNO   2,2’,5-Trimethyl-3-(1-phenylethoxy)-4-tert-butyl-3- 
                                                azahexane  
TEMPO   2,2’,6,6’-Tetramethyl-piperidine-N-oxyl  
TIPNO    2,2’,5-Trimethyl-4-phenyl-3-azahexane-3-oxyl 
TITNO

    2,2’,5-Trimethyl-4-tert-butyl-3-azahexane-3-nitroxide 
TITNO-PBA   TITNO-terminated poly(n-butyl acrylate) 
TITNO-PS   TITNO-terminated polystyrene 
TLC     Thin layer chromatography 
UV-vis    Visible light absorption spectroscopy  
 
 
Symbols 
A     The pre-exponential factor 
aN     The hyperfine coupling constant 
B0     The external magnetic field 
ÐM    Molecular weight dispersity 
E    The energy separation 
Ea     The activation energy 
21 
g    The g factor 
h     The Plank constant 
I     Nuclear spin 
[I]     The concentration of initiator 
K    The equilibrium for activation-deactivation 
kc     The rate coefficient for combination 
kd     The rate coefficient for dissociation  
kp     The rate coefficient for propagation 
kt     The rate coefficient for termination 
m    Magnetic quantum number 
[M]     The concentration of monomer 
Mn     The number-average molecular weight  
Mw     The weight-average molecular weight 
n     The average number of radicals per particle 
NA     The Avogadro constant 
[NO

]     The concentration of nitroxide 
Np     The number of particles 
NT     The number of moles of polymer chains 
[P

]    The concentration of active species 
[P-ON]                               The concentration of alkoxyamine  
Rf     The retardation factor 
Ri    The rate of initiation 
Rp     The rate of polymerization  
    Magnetic moment 
v     Frequency 
VA     The potential energy of van der Waals attraction 
VR     The potential energy of electrostatic repulsion 
VT     The total potential energy of interaction  
ω     Angular frequency 
    Chemical shift 
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xn     The degree of polymerization 
     The gyromagnetic ratio 
o     The surface potential 
     Wavelength 
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Abstract 
 
The basis for this research project is based on the discovery in previous research that 
2,2’,5-trimethyl-3-(1-phenylethoxy)-4-tert-butyl-3-azahexane (Styryl-TITNO) is able to 
control bulk polymerization of styrene at temperatures as low as 60 C. The principle 
objective of this project was to evaluate the feasibility of using Styryl-TITNO to control 
radical solution and miniemulsion polymerizations at temperatures below 100 °C. 
 
Styryl-TITNO was shown to effect solution polymerizations of both n-butyl acrylate 
(BA) and styrene below 100 °C. Polymerization temperature was shown to be  
a crucial parameter for achieving control in Styryl-TITNO-mediated polymerizations. 
Good control of the number-average molecular weight (Mn) and molecular weight 
dispersity for the polymerization of BA was observed at 90 °C. However, a lower 
temperature of 70 °C is required for good control of styrene polymerization. Living 
characteristics of polymer chains were demonstrated by a sequential chain extension of 
TITNO-terminated PBA with styrene at 90 °C to form poly(n-butyl acrylate)-block-
poly[(n-butyl acrylate)-co-styrene] block copolymers. An improvement in livingness in 
these reactions was observed when the second P(BA/styrene) block was formed at  
70 °C after the first PBA block was produced at 90 °C.  
 
Kinetics studies facilitated determination of the activation-deactivation equilibrium 
constant (K), which for styrene polymerization at 90 C (K = 4.2  10-9 mol L-1 at  
90 C and 3.1  10-9 mol L-1 at 70 C) is nearly an order of magnitude higher than that 
for BA polymerization at the same temperature (K = 8.5  10-11 mol L-1). This is the 
reason why BA polymerization shows better control than styrene polymerization  
at 90 C. The activation energy (Ea) for thermolysis of Stryl-TITNO is 104.1 kJ mol
-1
, 
which is relatively low compared to the literature values of Ea for various styryl 
alkoxymines. This explains why Styryl-TITNO is able to effect polymerization at 
temperatures as low as 70 C. 
 
The studies of Styryl-TITNO-mediated miniemulsion polymerizations at 90 °C indicate 
that accumulation of free TITNO

 in the particles is an issue for use of Styryl-TITNO  
in miniemulsion polymerizations. The use of L-ascorbic acid (L-AA) and  
L-ascorbic acid 6-palmitate (L-AAP) as nitroxide scavengers to reduce the level of free 
TITNO

 in the polymerization was investigated. The best result was observed for the 
polymerization of BA in the presence of 5.36 mol% of L-AAP relative to Styryl-TITNO, 
which attained 48% conversion after 5 h. The chain extension of isolated TITNO-
terminated PBA, TITNO-PBA, was used to examine the livingness of polymer chains 
before the rate of polymerization was severely retarded. The livingness of TITNO-PBA 
was evidenced by a shift of the starting PBA molecular weight distribution towards 
higher molecular weight, which provides solid evidence that the majority of polymer 
chains remained living. Thus, it can be concluded with certainty that the accumulation 
of free TITNO

 was mainly responsible for the suppression of polymerization in 
miniemulsion polymerizations mediated by Styryl-TITNO. 
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1 Introduction and Objectives 
1.1 Research Significance 
Living/controlled radical polymerization  has brought a significant improvement to free-
radical polymerization since it offers the ability to synthesize polymers with controlled 
architectures (e.g. di- and tri block copolymers,  star polymers, comb-like graft 
copolymers) via a free-radical mechanism.
1,2
  
A key to the success of living/controlled radical polymerization is to suppress 
bimolecular termination between propagating radicals by establishing reversible 
deactivation, which can be accomplished by either reversible trapping of the chain 
radicals or temporary deactivation of the chain radical via reversible transfer.
3,4
   
Although termination becomes insignificant in living/controlled radical polymerization, 
it still occurs. The term ‘reversible-deactivation radical polymerization (RDRP)’ was 
recommended by IUPAC (i.e. International Union of Pure and Applied Chemistry) in 
2009 for this type of radical polymerization.
5
 The three major classes of RDRP include 
nitroxide-mediated polymerization (NMP), atom-transfer radical polymerization 
(ATRP), and reversible addition-fragmentation chain-transfer (RAFT) polymerization. 
An early approach to control a radical polymerization using NMP involved the 
introduction of 2,2,6,6-tetramethyl-piperidine-N-oxyl (TEMPO) by Rizzardo and 
Solomon.
6
 Subsequently, successful control of TEMPO-mediated polymerization of 
styrene was reported by Georges and co-workers
7
, and since then NMP has become one 
of the main research topics in polymer science. 
The basic principle of NMP is to use stable nitroxide radicals as trapping agents in  
the reversible deactivation process. Although NMP has been studied extensively in 
homogeneous systems (i.e. bulk and solution polymerization), the implementation of 
NMP in aqueous dispersed systems, especially miniemulsion polymerization, has 
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gained increasing interest probably due to environmental concerns and industrial 
potential. Additionally, aqueous-based polymerizations also offer good mixing and heat 
transfer because of the low viscosity of the aqueous medium. 
Extensive research has been reported on exploitation of NMP techniques to synthesize 
homopolymers and block copolymers with controlled molecular weight and low 
molecular weight dispersity in miniemulsions.
8-10
 However, high operating temperatures 
is still a significant issue remaining in applying NMP to miniemulsion polymerizations. 
As most nitroxides typically operate at temperatures greater than 100 C ( 115-135 
C), NMP in miniemulsion needs to be conducted using pressurized reactors.  
When a chain radical is trapped by a nitroxide radical, an alkoxyamine capable of 
reversible dissociation is formed. The reversible dissociation of the alkoxyamine to 
generate the nitroxide radical and the chain radical, which allows polymerization to 
occur, is thermally activated. The ability to undergo thermolysis of the alkoxyamine 
depends mainly on the strength of a covalent bond formed between the terminal carbon 
atom of the chain radical and the oxygen on the nitroxide (i.e. to form the C-O bond in 
the alkoxyamine).
4
 Hence, the C-O bond strength in the alkoxyamine is a key parameter 
in determining the polymerization temperature since the mechanism of NMP is entirely 
based on a thermal dissociation. The more labile the C-O bond becomes, the lower the 
operating temperature.  
The partitioning of nitroxide between aqueous and organic phases is another factor to be 
considered for NMP in miniemulsions. The ability of nitroxide to partition into aqueous 
phase decreases as the hydrophobicity of nitroxide structure increases.
11
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1.2 Project Objectives 
This research project built upon previous research, investigated by Lagrille et al.
12
, 
Cameron and Lagrille
13
, and Cameron et al.
14
, into developing oil-soluble nitroxides 
designed for use in controlled miniemulsion polymerizations below 100 C.  A series of 
nitroxides and alkoxyamines were synthesized in the previous research. This led to the 
discovery that 2,2’,5-trimethyl-4-tert-butyl-3-azahexane-3-nitroxide (TITNO, see 
Figure 1.1) was able to effect bulk polymerization of styrene in at temperature as low as 
60 C. 
 
Figure 1.1 Structures of TITNO

 and 2,2’,5-trimethyl-3-(1-phenylethoxy)-4-tert-butyl-
3-azahexane, (Styryl-TITNO). 
The principle objective of this project was to explore the feasibility of using Styryl-
TITNO to mediate radical solution and miniemulsion polymerizations at temperatures 
below 100 C.  
The synthesis of block copolymers via NMP using Styryl-TITNO as initiator was also 
of great interest to this work, which was to be tested through the synthesis of poly(n-
butyl acrylte)-block-polystyrene block copolymers (PBA-b-PS) by sequential addition 
of monomers. BA and styrene were selected because they could be used to synthesize 
polystyrene-block-poly(n-butyl acrylate)-block-polystyrene triblock copolymers (PS-b-
PBA-b-PS) that behave as thermoplastic elastomers (TPEs). The results obtained from 
the synthesis of PBA-b-PS also would provide information about the feasibility of 
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synthesizing PS-b-PBA-b-PS via NMP initiated by Styryl-TITNO, which could be  
a useful basis for further work. Kinetics and electron paramagnetic resonance (EPR) 
studies of Styryl-TITNO were expected to provide a fundamental understanding of 
NMP mediated by Styryl-TITNO.  
1.3 Project Outline 
This thesis contains six chapters, including this introductory chapter which provides the 
basis for the research significance and the project objectives together with an outline of 
the research.  
Chapter two of this thesis presents concise introductions to emulsion and miniemulsion 
polymerization. Basic concepts of free-radical polymerization and typical features for 
RDRP are also reviewed. The three major types of RDRP are described briefly with an 
emphasis on NMP, which has been exploited in this work.  
Chapter three provides a brief background on characterization techniques and 
experimental methods employed in this project. Nuclear magnetic resonance (NMR) 
and EPR were employed to determine the structure and dissociation rate coefficient of 
Styryl-TITNO, respectively. Gas-liquid chromatography (GLC) was used to measure 
monomer conversion from solution homopolymerizations or copolymerizations 
mediated by Styryl-TITNO. Gel permeation chromatography (GPC) afforded 
information on number-average molecular weight (Mn) and molecular weight dispersity 
(ÐM). Photon correlation spectroscopy (PCS) offered the ability to determine the 
particle diameter of both miniemulsion droplets and polymer particles. The water 
solubility of TITNO was estimated in comparison to its solubility in n-butyl acrylate 
exploiting visible light absorption spectroscopy (UV-vis). Synthesis of Styryl-TITNO is 
also presented in Chapter three and supported by proton NMR spectra to confirm 
structure at each stage in the synthesis. 
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Chapter four is directed to the use of Styryl-TITNO in solution polymerizations of  
n-butyl acrylate (BA) and styrene, initially at 90 C. The effect of polymerization 
temperature (70, 90 and 110 C) on the rate of polymerization and on the level of 
control in solution polymerization of styrene mediated by Styryl-TITNO is presented 
and discussed.  
The feasibility of preparing poly(n-buyl acrylate)-block-poly[(n-butyl acrylate)-co-
styrene] block copolymers, [PBA-b-P(BA-co-Sty)], by sequential monomer addition in 
solution polymerization mediated by Styryl-TITNO is demonstrated. Kinetics studies on 
solution polymerization of BA and styrene mediated by Styryl-TITNO are reported and 
discussed, including determination of dissociation rate coefficient (kd) and activation 
energy (Ea) for Styryl-TITNO which are compared to literature values of kd and Ea for 
various alkoxyamines. 
Chapter five focuses on the use of Styryl-TITNO in miniemulsion polymerizations of 
BA at 90 C and styrene at 70 and 90 C in the absence and presence nitroxide 
scavengers (i.e. L-ascorbic acid (L-AA) or L-ascorbic acid 6-palmitate (L-AAP)).  
The effect of L-AAP on Styryl-TITNO-mediated solution polymerization of BA  
(a homogeneous system) is presented. The possibility of preparing PBA-b-PS under 
miniemulsion polymerization conditions from chain extension of poly(n-butyl acrylate) 
macroinitiator (TITNO-PBA) with styrene is examined. 
The major results and important conclusions obtained from this work are reported in 
Chapter 6. 
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2. Free-Radical Polymerization and Reversible-Deactivation Radical 
Polymerization 
This chapter provides a brief background of emulsion and miniemulsion polymeri-
zation. The basic principles of free-radical polymerization and typical features for 
reversible-deactivation radical polymerization (RDRP) are also presented. The main 
RDRP techniques are reviewed and particular emphasis is placed on nitroxide-mediated 
polymerization (NMP) since this is the subject of this project. 
 
2.1 Emulsion Polymerization 
2.1.1 Introduction 
Emulsion polymerization is a form of free-radical polymerization carried out under 
heterogeneous conditions in which a polymer chain grows by addition of monomer 
molecules to a free radical at the polymer chain end, known as an active centre. After 
each addition, the active centre is transferred to the newly-formed chain end.
1
 
An emulsion polymerization system usually consists of water, an initiator, a monomer 
and a surfactant. Monomers typically have limited solubility in water and swell the 
corresponding polymer. A wide range of monomers can be polymerized via emulsion 
polymerizations and the majority are vinyl monomers (e.g. styrene, acrylates, 
acrylonitrile, vinyl acetate, vinyl chloride). Water-soluble initiators are the most 
commonly used in emulsion polymerizations. Surfactants are employed to provide 
colloidal stability of the latex particles produced.
2
 The term ‘latex’ was originally used 
to describe a dispersion of colloidal particles in water which can undergo a film 
formation process and form a coherent polymer film.
3
 The dispersion obtained from 
emulsion polymerization is often called a latex, which also comprises polymer particles, 
and each of which also contains many polymer chains.
2
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Surfactants play a crucial role in emulsion polymerizations as they not only provide 
sites for particle formation (i.e. monomer-swollen micelles), but also the stabilization of 
latex particles. Anionic surfactants are typically used in emulsion polymerizations. 
Cationic surfactants can also be used for special applications (e.g. paper coating and 
asphalt additives) while a mixture of anionic and non-ionic surfactants is often used to 
enhance the colloidal stability (i.e. against mechanical shearing, freezing, and added 
electrolytes).
4
  
Water is used as a reaction medium to absorb and disperse the heat generated by the 
exothermic free-radical polymerization process. Monomers are emulsified in the 
aqueous phase and stabilized by surfactants. Since a surfactant is normally used above 
its critical micelle concentration (CMC) in most emulsion polymerizations, an excess of 
surfactant molecules in the aqueous phase aggregate to form micelles, typically 
spherical in shape. The micelle diameter is typically in the range of 2-10 nm and the 
number of surfactant molecules per micelle is normally about 50-150.
5
 Hence, three 
possible phases exist at the start of polymerization: an aqueous phase, monomer 
droplets and micelles.  
 
2.1.2 The Three Intervals of Emulsion Polymerization 
Harkins proposed that the progress of emulsion polymerizations could be divided into 
three intervals: a nucleation stage (Interval I), and two particle growth stages (Interval II 
and III) as described in Table 2.1.
6-9
 The three intervals of emulsion polymerization are 
also depicted in Figure 2.1.  
Table 2.1 Details of the three intervals of emulsion polymerization
2
 
Intervals Typical % 
conversion range 
Micelles Monomer 
droplets 
Particle number Particle  
size 
I 0-10 present present increase increase 
II 10-40 absent present constant increase 
III 40-100 absent absent constant roughly constant 
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2.1.2.1 Interval I: Particle Nucleation 
Interval I is the formation of polymer particles, called a nucleation stage, and usually 
occurs at low monomer conversions. This stage can be signified by an increase in the 
rate of polymerization and the constant number of particles at the end of interval I.
2
 
As an emulsion polymerization is a heterogeneous polymerization, the partitioning of 
reactants between the aqueous and organic phases leads to a complicated formation of 
polymer particles. The possibility of particle formation can occur via four distinct 
mechanisms. Micellar, homogeneous, coagulation and droplet nucleation are the main 
mechanisms for particle formation in emulsion polymerizations.
4
  
 
Figure 2.1 The three Intervals of an emulsion polymerization.
10 
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Micellar nucleation
4 
If a surfactant is used above its CMC, micelles are formed in the aqueous phase. Once 
the monomer is added, it can be located in three different places. Most of the monomer 
is dispersed in the aqueous phase as large monomer droplets (1-10 m in diameter) 
while a small amount will be dissolved in the aqueous phase. Additionally, some 
monomer will enter into the micelles to form monomer-swollen micelles (10-20 nm in 
diameter).  
Since water-soluble initiators are typically used in emulsion polymerization, free 
radicals generated from the initiators are mostly located in the aqueous phase. The 
monomer-swollen micelles have a greater surface area than the monomer droplets. 
Hence, the probability of initiator radicals generated in the aqueous phase being 
captured by the monomer-swollen micelles is much greater than the monomer droplets. 
If the micelles are present, the monomer-swollen micelles are likely to be the main 
locus of polymerization. 
Polymer particles are formed when the free radicals, as single radicals or oligoradicals, 
enter the monomer-swollen micelles. However, only about one micelle out of every 
100-1000 micelles becomes a polymer particle. These polymer particles grow by 
addition of monomer that has diffused from monomer droplets through the aqueous 
phase. The growing particles are stabilized by the adsorption of surfactants from non-
nucleated micelles. Micelles eventually disappear at the end of this stage and thereafter 
the number of particles remains constant provided that they are colloidally stable. 
Generally, particle formulation is dominated by micellar nucleation when monomers 
have relatively low water solubility and the surfactant concentration employed is well 
above its CMC. 
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Homogeneous nucleation
4 
Free radicals generated from the decomposition of most water-soluble initiators are 
hydrophilic and they can initiate propagation with monomer molecules dissolved in the 
aqueous phase to form water-soluble oligoradicals. These oligoradicals can grow to  
a certain length in the aqueous phase before precipitating out of the medium to form 
primary latex particles as the chains grow and they become less hydrophilic.  
The precipitated primary radicals are stabilized by the adsorption of surfactant 
molecules and can further propagate with monomer molecules supplied by diffusion 
from monomer droplets through the reaction medium to become polymer particles.  
Homogeneous-coagulative nucleation
2,4
 
Homogeneous-coagulative nucleation is a subset of homogeneous nucleation as primary 
particles are also formed by the precipitation of oligoradicals, which reach their 
solubility limit in water, out of the medium. The initial size of primary particles formed 
in coagulative nucleation is relatively small so that low concentrations of monomer are 
expected to be presented in these primary particles. Since the rate of propagation is slow 
at low concentrations of monomer, these primary radicals tend to grow by coagulating 
with other precipitated primary radicals. Once these particles become sufficiently large 
and able to absorb significant amount of monomers, they are considered to be polymer 
particles. 
Homogeneous and homogeneous-coagulative nucleations are important for monomers 
with relatively high water solubility when the concentration of surfactants used are 
below their CMC. 
Droplet nucleation
4 
If the particle diameter of monomer droplets in emulsion polymerizations is reduced to 
the submicron level (50-500 nm), the surface area and the number of the droplets are 
increased. Hence, more surfactant molecules can be adsorbed onto their surface, leading 
to a decrease in the concentration of surfactants in the aqueous phase. 
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Additionally, if a surfactant is used below its CMC, micelles may not exist in the 
aqueous phase. Under these conditions, the monomer droplets can compete effectively 
with monomer-swollen micelles (if present) in capturing initiator radicals generated in 
the aqueous phase. Since particle nucleation is most likely to take place in monomer 
droplets, the monomer droplets become the main locus of polymerization. However, 
submicron monomer droplets are very unstable, so a costabilizer is required in order to 
stabilize the droplets. Effective costabilizers include long-chain alcohols and low 
molecular weight alkanes, such as cetyl alcohol (CA) and hexadecane (HD). Droplet 
nucleation is the mechanism of particle formation mainly observed in miniemulsion and 
microemulsion polymerizations.  
Although four nucleation mechanisms may occur simultaneously, one of the 
mechanisms will usually become predominant, this depending on the concentration of 
surfactant, the water solubility of monomer and the size of monomer droplets. Interval I 
can be signified by an increase in the rate of polymerization due to the consumption of 
monomer related to the process of particle formation. Once micelles disappear, no new 
particles are created and hence the number of polymer particles remains constant at the 
end of this stage.
2
 
 
2.1.2.2 Interval II-Particle Growth 
The end of Interval I corresponds to the end of particle nucleation, at which point there 
are three possible phases present in Interval II: an aqueous phase, latex particles, and 
monomer droplets. Although particle nucleation ceases during Interval II, particles 
continue to grow by further propagation with monomer.
2
 Monomer molecules are 
supplied to the locus of polymerization (i.e. the monomer-swollen polymer particles) by 
diffusion through the aqueous medium from the droplets, which serve as reservoirs of 
monomer.  
As the monomer in a particle is consumed, new molecules of monomer continue to 
migrate from monomer droplets, through the aqueous phase, into the polymer particles. 
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The rate of monomer diffusion into the locus of polymerization is greater than the rate 
of monomer consumption. Hence, the concentration of monomer within the polymer 
particles remains approximately constant, i.e. the ratio of monomer:polymer in the 
polymer particles stays more or less constant.
2
 
The rate equation of emulsion polymerizations can be expressed as
11
 
A
ppp
p
N
n[M] Nk
R       (2.1) 
where Rp is the rate of polymerization, kp is the rate coefficient for propagation, NA is 
the Avogadro constant and [M]p is the equilibrium concentration of monomer in the 
monomer-swollen polymer particles. The number of particles and average number of 
radicals per particle are represented by Np and n , respectively.  
According to Equation 2.1, [M]p, N and n  are the main parameters in determining the 
rate of emulsion polymerizations. Smith and Ewart
12,13
 proposed three limiting cases for 
n values. In Case 1, a value of n  is less than 0.5 ( n  << 0.5) when the rate of radical exit 
from polymer particles is higher than the rate of radical entry into particles. Therefore, 
the average number of free radicals per particle is small (normally observed for 
monomers with high water solubility). 
Case 2 is referred to as the zero-one system and n  = 0.5.  This case is built on the 
assumption that a free radical must remain inside a polymer particle after its entry.  
In addition, a termination reaction occurs instantaneously after another radical enters the 
particle. Case 3 ( n  >> 1) normally applies for systems where the size of particles is 
relatively large or the viscosity inside polymer particles is high, condition for which  
a high average number of radicals per particle is a natural consequence. 
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During Interval I, Np increases, resulting in an increase in the rate of polymerization. 
However, the formation of particles is then finished and in Interval II Np does not 
change because [M]p is also maintained constant by diffusion of monomer from 
monomer droplets. Additionally, a constant radical concentration in the particles is often  
assumed during Interval II for kinetics studies.
10
 Hence, an approximately constant rate 
of polymerization is typically observed during Interval II as illustrated in  
Figure 2.2.
2,10,11
  
 
Figure 2.2  The three rate intervals in emulsion polymerization.
14
 
 
2.1.2.3 Interval III  
As the polymerization progresses, the size of polymer particles increases whereas 
monomer droplets decrease in size. Interval III is the final stage after the reaction 
proceeds to a point at which monomer droplets finally disappear. Polymer particles and 
the aqueous phase are the only two phases existing in this stage. The remaining 
monomer is mostly located in the polymer particles. Hence, further propagation of 
polymer chains brings about a decrease in the concentration of monomer within the 
particles. A decrease in the rate of polymerization is the result as [M]p decreases with 
time. 
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However, the decrease in [M]p accompanied with the formation of polymer molecules 
causes a rise in viscosity inside the particles. This results in a reduction in the rate of 
termination as the mobility of polymer chains within the particles decreases. As a result, 
the concentration of radicals increases, which can lead to an increase in the rate of 
polymerization
10
 due to a reduction in the rate of termination, known as 
‘autoacceleration’.4  
 
2.2 Miniemulsion Polymerization 
Emulsions can be classified into three categories (i.e. macroemulsions, miniemulsions, 
and microemulsions) based on both the size and stability of the droplets. Macro-
emulsions have a relatively large droplet size (1-100 μm) whereas droplets in the range 
of 50-500 nm in diameter are classified as miniemulsions. Emulsions with droplet 
diameter between 10 and 50 nm can be categorized as microemulsions. The stability is 
described as the interval of time in which the particle diameter of droplets remains 
unchanged from its original size. The emulsion stability tends to increase as the droplet 
size decreases, as illustrated in Figure 2.3.
15
  
 
Miniemulsions are generally created by using a high shear (e.g. ultrasonic or mechanical 
homogenization) to break monomer droplets into submicron sized droplets. However, 
the submicron droplets are very unstable so that a surfactant and a costabilizer need to 
be used to stabilize against coalescence and monomer diffusion, known as ‘Oswald 
ripening’.  
The disruption of large monomer droplets into submicron droplets leads to a dramatic 
increase in the surface area of monomer droplets. The large surface area and greater 
number of submicron monomer droplets increase their efficiency to capture initiator 
radicals and become locus of polymerization. Additionally, the concentration of 
surfactant used in most miniemulsion polymerizations is below its CMC in order to 
avoid the micelle formation in the aqueous phase. This is because the droplet nucleation 
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is a preferential mechanism of particle formation in miniemulsion polymerizations. 
Since the polymerization occurs in submicron monomer droplets, the propagation 
reaction will not have to rely on diffusion of monomer from monomer droplets across 
the aqueous phase to the locus of polymerization.
16
 Hence, the polymerization of very 
hydrophobic monomers (e.g. vinyl versatate, dioctyl maleate, or lauryl methacrylate) 
becomes possible via a miniemulsion process which is a pronounced advantage of 
miniemulsion polymerizations over conventional emulsion polymerizations.  
 
Figure 2.3 The stability of macroemulsions, miniemulsions and microemulsions as  
a function of droplet size.
15
  
 
2.2.1 Techniques of Miniemulsion Preparation 
Generally, a surfactant is first dissolved in deionized water to form an aqueous phase. 
Monomer and a costabilizer are mixed together before adding into the aqueous phase. 
The resulting mixture is subsequently homogenized using mechanical or ultrasonic 
homogenization to form miniemulsion, as presented in Figure 2.4. An aqueous solution 
of initiator is added after miniemulsion preparation if a water-soluble initiator is 
employed.  
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Rotor-stator systems, sonifiers and high-pressure homogenizers are three commonly 
used devices for miniemulsion preparation. The rotor-stator assembly (Figure 2.5) 
consists of a rotor with two or more blades (a rotating disk) located inside a stator  
(a static disk). The rapid rotation of the rotor creates a vacuum that draws a liquid in and 
out of the assembly at high speeds, thereby leading to the circulation of the liquid. This 
generates the mechanical impingement of monomer droplets against the wall causing 
the reduction in size. The shear force that occurs within the narrow gap between the 
rotor and the stator is another major force responsible for the disruption of the monomer 
droplets. The rotation speed and homogenization time are the main parameters in 
controlling the droplet size in this system.
17,18
 
 
 
 
 
 
 
 
 
Figure 2.4 The scheme for miniemulsion preparation.
19
 
 
 
Figure 2.5 Rotor-stator homogenizer.
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Ultrasonication is a homogenizing method which uses ultrasonic wave (i.e. ranging 
from about 18 kHz to 100 MHz) to induce molecular vibration. When the ultrasonic 
wave travels though a liquid medium, it causes the liquid molecules to compress and 
stretch. A region where the liquid molecules are forced together is called  
a compression (high-pressure region) whereas a region where the liquid molecules  
are separated apart (low-pressure region) is defined as a rarefaction as shown in  
Figure 2.6.
20
 
 
Figure 2.6 The motion of sound wave in a liquid medium.
20
 
An increase in the intensity (amphitude) of ultrasonic wave causes a rapid change in 
pressure which leads to the occurrence of cavitation in the liquid. Cavitation is  
a process in which gas existing in a liquid as dissolved or suspended gas (cavities) 
grows rapidly during the rarefaction cycle and eventually implodes. The violent 
implosion of cavities creates shock waves which cause the disruption of surrounding 
monomer droplets. Ultrasonication is commonly used for miniemulsion preparation in 
small quantities. Additionally, a liquid needs to be circulated constantly as the area 
affected by sonication is around the tip of the sonification (see Figure 2.7).
20
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High-pressure homogenizers typically comprise a high pressure pump and  
a homogenizing nozzle. A liquid is compressed into the homogenizing nozzle using the 
high pressure pump where monomer droplets are deformed and disrupted.  
The droplet deformation and disruption are mainly caused by the shear and inertial 
forces, depending on the geometry of the nozzles. The standard nozzle (Figure 2.8)  
is the most common homogenizing nozzle used in industrial production. The liquid is 
pressurized through a radial gap between a valve seat and valve plug at high velocity. 
As the liquid passes through the gap, coarse droplets are deformed and broken down 
into smaller droplets due to a combination of shear force and cavitation in turbulent 
flow conditions.
18,21,22
 
 
Figure 2.7 Probe sonicator and sonication region.
19
 
 
 
 
 
 
 
Figure 2.8 Manton-Gaulin homogenizer (with a standard nozzle).
19
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2.2.2 The Stability of Miniemulsions 
Droplet coalescence and diffusion degradation (often known as Oswald ripening) are 
the primary mechanisms of destabilization in miniemulions.
10,23
 Droplet coalescence 
caused by Brownian motion can be prevented by using a surfactant, while Oswald 
ripening can be avoided by the addition of a costabillizer (as will be described in 
Section 2.2.2.2). Hence, the suppression of droplet degradation in miniemulsions can be 
achieved by the use of an effective surfactant/costabilizer system. 
 
2.2.2.1 The influence of Surfactants 
The random motion of latex particles in an aqueous medium, which can be observed 
under a microscope, is known as Brownian motion. This phenomenon occurs as a result 
of random collision of the particles with surrounding water molecules.
24,25
 Brownian 
motion causes collision between latex particles which may lead to coalescence or 
aggregation of the particles. Coalescence is a process by which two or more particles 
come together and fuse to become a single larger particle.
26
 The term aggregation is 
used to describe the phenomenon when particles cluster together, but they still maintain 
their identity (i.e. do not merge to become one single particle).
26
 The reversible process 
of aggregation is called flocculation
27
 while coagulation is used to define its irreversible 
process.
26
 
Surfactants commonly used in miniemulsions are anionic surfactants (e.g. sodium 
dodecyl sulfate, sodium hexadecyl sulfate and sodium lauryl sulfate). However, cationic 
and nonionic surfactants can also be used in miniemulsion preparation. The surfactants 
are amphiphilic substances which consist of both a polar group (hydrophilic) and  
a non-polar group (hydrophobic) as shown in Figure 2.9. Effective surfactant systems 
can stabilize against the collision of the droplets due to Brownain motion and van der 
Waals forces.  
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When anionic surfactants are employed in miniemulsions, they will be adsorbed onto 
the interfaces between monomer droplets and the aqueous phase with their hydrophilic 
groups directed towards the water. Consequently, each monomer droplet should carry 
negative charges on its surface. The negative charges attached to the surface of 
monomer droplets will attract positive charges (counterions) present in the aqueous 
phase while the same charge (co-ions) will be repelled.
28
 
 
 
 
Figure 2.9 The structure of sodium lauryl sulphate (SDS). 
The distribution of ions adjacent to the surface of the monomer droplets can be divided 
into two layers known as the electrical double layers (EDL), which is illustrated in 
Figure 2.10. A layer of counterions which are tightly attached to the surface is called  
an inner layer or a Stern layer. Another layer of ions which spread out in the medium is 
defined as a diffuse layer. The density of charges at the droplet surface can be described 
by a surface potential (o). The potential in the diffuse region has a significant influence 
on the stability of most aqueous colloid systems. The electrostatic potential decreases 
exponentially as the distance from the droplet surface increases. If the particle surface is 
assumed to be a planar, the decrease of the electrostatic potential can be expressed using 
the Boltzmann equation.  
)exp( x  sx         (2.2) 
where s represents the electrostatic potential at the beginning of the diffuse layer,  
x is a distance from the particle surface and κ is the reciprocal of the double layer 
thickness. 
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When x = 1/κ, s decreases by a factor of 1/e and thereby x = s/e. The term 1/κ is 
often used to characterize the extension (or thickness) of the electrical double layers 
from the particle surface and known as the Debye length, which mainly depends on the 
concentration of ions in the dispersion medium. An increase in the concentration of ions 
in the dispersed medium significantly compresses the double-layer thickness.
28,29
 
Hence, if the ionic strength of the medium is sufficiently high, the particles tend to 
coagulate.
30
 
 
Figure 2.10 Structure of the electric double layer (   and  represents an anionic 
surfactant molecule and its counterion) 
When two charged particles approach one another, the diffuse regions of the electrical 
double layers will overlap causing the repulsion between the particles (see Figure 2.11). 
However, the electrostatic repulsion of the double layers is effective at a particular 
distance between the particles. If two particles come close enough to each other, the van 
der Waals force of attraction between the particles can overcome the electrostatic 
repulsion and the two particles will coalesce.
24
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Figure 2.11 An electrostatic repulsion caused by the overlap of the diffuse regions of 
electrical double layers. 
The stability of colloidal particles stabilized by an electrostatic mechanism can be 
described using the total potential energy of interaction (VT), an approach which is 
known as DLVO theory, pioneered by Derjaguin and Landau in 1941 and Verwey and 
Overbeek in 1948.
11
 VT is defined as the sum of the potential energy of electrostatic 
repulsion (VR) and the potential energy of van der Waals attraction (VA).
27,28,30,31
 
ART VVV       (2.3) 
A value of VT as a function of the distance between the particles (h) exhibits three 
significant features (i.e.  one maximum (Vmax) and two minima (Vmin)), as shown in 
Figure 2.12. As two particles approach each other at great distance, a secondary 
minimum can be observed due to the van der Waals of attraction. At intermediate 
distances, a rise in the total potential energy of interaction, called primary maximum, 
occurs. This contributes to an increase in the electrostatic repulsion when two particles 
Overlap regions 
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get closer. If the particles come close enough for the van der Waals forces of attraction 
to become dominant, the overall in potential energy of interaction becomes strongly 
attractive. The minimum occurred at this close approach of particles is known as 
primary minimum. Coagulation (i.e. irreversible aggregation) generally occurs  
if a value of Vmin is sufficient large in magnitude. Hence, if the total potential energy of 
interaction drops into the primary minimum, the coagulation of particles  
is typically observed. However, the particles tend to undergo flocculation for low values 
of Vmin (e.g. at the secondary minimum).
11,29
 
 
Figure 2.12 The total potential energy of interaction as a function of distance between 
two particle surfaces. 
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The stability of dispersion systems can be approximately determined by a value of  Vmax 
which is often presented in multiples of kT, where k is the Boltzmann constant and T is 
temperature, respectively. A large value of Vmax (in a range of 15- 30 kT)
11,28,30
 implies  
a very slow process of coalescence or coagulation. This is because Vmax acts as the 
electrostatic barrier preventing particles from getting close enough that the van der 
Waals forces of attraction becomes significant.
28-30
 
 
2.2.2.2 The Influence of Costabilizer 
Ostwald ripening is a process by which the average diameter of monomer droplets 
increases due to the diffusion of monomer from smaller droplets to larger ones through 
the aqueous medium.
32
 Two parameters are commonly used to describe this 
phenomenon: (i) the solubility of monomer in water and (ii) the Laplace pressure. 
The ability of monomer to diffuse into water depends on the diameter of monomer 
droplets
32,33
, as described in Equation 2.4. The smaller the droplet diameters become,  
the greater the ability of monomer to diffuse into water will be. As the distribution in 
droplet diameter is typically obtained from an oil-water-emulsion
23
, the monomer from 
smaller droplets tends to diffuse into the larger ones if the monomer is slightly soluble 
in water. This phenomenon leads to a further difference in water solubility between the 
large and small droplets as the large droplets grow in size whereas the small droplets 
become smaller. The monomer diffusion will continue until the small droplets 
eventually disappear. 







RTd
V
CCdC RTd
V
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4
4
1)(exp)()(
m 

   (2.4) 
where C(d) is the water solubility of monomer inside the droplets with diameter d,  
C() is the water solubility of monomer. The parameter  represents the interfacial 
tension between monomer droplets and water. Vm is the molar volume of the monomer. 
The universal gas constant and temperature are given by R and T, respectively.
32-34
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The difference in the Laplace pressure (pLaplace) is another driving force for the diffusion 
of monomer from the small to larger droplets.
23
 The Laplace pressure can be defined as 
the difference in pressure between the inside and outside of a monomer droplet. It 
increases with increasing the interfacial tension () between two immiscible liquids (i.e. 
monomer droplet-water interfacial tension) and decreasing radius of the monomer 
droplets (r), as expressed in Equation 2.5.
24,35
 
r
ppp
2
outsideinsideLapace      (2.5) 
where pinside and poutside represent the pressure inside and outside of a droplet, 
respectively. 
According to Equation 2.5, the smaller the droplet radius, the higher the Laplace 
pressure will be.
35
 The diffusion of monomer from the smaller to larger droplets occurs 
spontaneously in order to reduce the Laplace pressure. The suppression of Ostwald 
ripening can be achieved by the addition of costabilizers into a dispersed phase (i.e. 
monomer droplets). The costabilizers are typically hydrophobic substances with a low 
molecular weight and can be dissolved in monomers.
16
  
David et al.
36
 demonstrated the use of hexadecane (HD) or perfluorochemical oils (i.e. 
perfluorotributylamine, perfluorodecalin, and perfluoromethyl-cyclohexane) to stabilize 
against Ostwald ripening in a 10% hexane-in-water emulsion stabilized by sodium 
lauryl sulphate (SDS). While hexane diffused from smaller droplets to larger ones in 
order to reach the equilibrium state, a costabilizer (that is highly insoluble in water) was 
trapped in each monomer droplet. Therefore, the mole fraction of costabilizer inside the 
smaller droplets increases with respect to that of hexane. On the other hand, its molar 
fraction decreases in the larger droplets. The further diffusion of hexane towards the 
larger droplets causes an increase in the costabilizer concentration difference between 
large and small droplets. This gives rise to the build-up of an osmotic pressure inside 
the droplets to counterbalance the Laplace pressure. The monomer diffusion still  
occurs until the osmotic pressure is sufficient to counteract the Laplace pressure  
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(i.e.  osm  pLaplace).
23,36,37
 A key factor of stabilization against Oswald ripening in 
miniemulsions is to create the balance between the osmotic pressure and the Laplace 
pressure of the droplets. 
 
2.3 Reversible-Deactivation (‘living’) Radical Polymerization 
2.3.1 Overview 
 
Radical polymerizations are widely adopted and used as synthetic routes for preparing 
high molecular weight polymers on an industrial scale. A variety of polymers can be 
synthesized using radical polymerization in different media (e.g. in bulk monomer,  
in solution and even in aqueous media) and under a wide range of temperatures  
(e.g. -20 to 200 °C).
38,39
 
 
The reactions in radical polymerizations can be divided into three main stages which 
happen in sequence (i.e. initiation, propagation, and termination). Initiation is a slow 
process in which chain radicals are formed and consists of two steps. The first step is 
the production of free radicals which can be achieved in two principal ways:  
(i) homolytic cleavage of a single bond leaving one electron on each fragment  
(e.g. thermolysis and photolysis), and (ii) transfer of a single electron to or from  
an ion or molecule (e.g. redox reactions). The second step is the addition of the primary 
radicals (R

) to a molecule of monomer (M).
1,40
 New chain radicals are continuously 
initiated throughout the course of polymerization as a result of slow initiation by 
conventional initiators. 
 
Once initiated, the polymer chains grow rapidly by repeated additions of monomer 
molecules to the chain radical (M

); this stage is called propagation. However, the 
lifetime of growing chains is very short due to their high reactivity. The stage in which 
the growing chains undergo bimolecular termination to form unreactive polymer chains 
is called termination. Combination and disproportionation are the two most common 
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mechanisms for termination in radical polymerizations. Two polymer chains  
can combine together to form a single chain in a process called combination. 
Disproportionation involves the abstraction of a hydrogen atom from one growing chain 
by another to form two polymer chains (one with an unsaturated end-group and one 
with a saturated end-group). The general reactions involved in radical polymerizations 
are presented in Figure 2.13.
1,40
  
 
Initiation                    nR   I d
k
    (2.6) 
  1RMMR
ik    (2.7) 
Propagation            
  1ii MMM
pk    (2.8) 
Termination    jiji MMM
tc

 
k
   (2.9) 
       jiji MMMM
tdk   (2.10) 
      
Figure 2.13 General reactions involved in radical polymerizations. Mi+j and Mi are dead 
polymer chains with saturated end-groups while  Mj
=
 represents dead polymer chains 
with unsaturated end-groups. kp is the rate coefficient for propagation. ktc and ktd 
represent the rate coefficients for termination by combination and disproportionation, 
respectively.
1,40
 
The average life time of a growing chain is  1 s which is too short for synthesis of 
block copolymers by sequential monomer addition or polymers with well-defined 
structures (e.g. block copolymers, stars and combs).
41
 Moreover, high molecular weight 
polymers can be formed at any time during the course of polymerization because of 
slow initiation so that it is difficult to produce polymers with narrow molecular weight 
dispersity via conventional free-radical polymerization. 
Reversible-deactivation radical polymerization (RDRP) encompasses a range of 
techniques which provide synthetic routes to polymers with well-defined chain length 
and structures via radical mechanisms. RDRP describes radical polymerizations which 
Chapter 2    Free-Radical Polymerization and Reversible-Deactivation Radical Polymerization 
55 
 
propagate by the growth of active centres generated by reversible deactivation of active 
radical species.
42
 There are three major classes of RDRP: (I) nitroxide-mediated 
polymerization (NMP), (II) atom transfer radical polymerizaion (ATRP) and (III) 
reversible addition fragmentation chain transfer polymerization (RAFT).
42
 
RDRP relies on the suppression of bimolecular termination between chain radicals. The 
chain radicals may either be reversibly trapped with trapping agents (see Figure 
2.14(a)), or undergo reversible chain-transfer reactions with chain-transfer agents (see 
Figure 2.14(b)) in order to suppress bimolecular termination.
41,43
 
The principles of NMP and ATRP are based on the first strategy in which the 
concentration of radicals is kept low by reversibly trapping of the chain radicals with the 
trapping agents. Hence, the equilibrium of an activation-deactivation process is shifted 
to the left, leading to a reduction in the probability of termination.
43
 A stable nitroxide 
radical and an organometallic species are typically used as the trapping agents in NMP 
and ATRP, respectively.
41
  
RAFT relies on the second strategy which involves a reversible chain-transfer reaction 
between the chain radical and the chain-transfer agent. RAFT agents are used as highly-
efficient chain-transfer agents in RAFT radical polymerization. In contrast to the first 
strategy, the concentration of radicals in a RAFT system is comparable to those for 
conventional free-radical polymerizations. Hence, a large excess of the chain-transfer 
agent compared to radical initiator is typically employed to ensure a high efficiency in 
the exchange process and, thereby, a reduction in bimolecular termination.
41,43
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Figure 2.14 The two strategies of reversible deactivation in RDRP: (a) reversible 
trapping of a chain radical and (b) temporary deactivation of a chain radical via 
reversible chain-transfer. The solid square symbolises a chain-capping species and 
numbers are attached to chain radicals in Strategy 2 to show that chain-transfer reaction 
occurs.
43
 
The suppression of bimolecular termination in RDRP results in a longer average 
lifetime of the chain radicals (more than 1 h).
41
 As all chain radicals have the same 
probability to grow, good control of molecular weight and molecular weight dispersity 
can be achieved. Polymers with complex architectures, including copolymers, block 
copolymers, and stars-shaped structures, can also be synthesized via RDRP because 
polymer chains retain the ability to grow. 
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2.3.2 Typical Features for Reversible-Deactivation Radical Polymerization 
 
The success of RDRP is mainly based on the suppression of bimolecular termination to 
a negligible extent.
41
 General criteria used to identify a system as RDRP is presented in 
this section.  
 
2.3.2.1 First-Order Kinetics with Respect to Monomer14 
 
Although bimolecular termination is not completely absent in RDRP, a majority of 
growing chains still preserve the ability to grow. Hence, the concentration of 
propagating radicals can be considered to be more or less constant. As a consequence, 
the concentration of consumed monomer should decrease as a linear function of time. 
The plot of ln([M]0/[M]) against t should show a linear relationship as the rate of 
polymerization is first order respect to monomer concentration (as will be described in 
Section 2.5). 
 
2.3.2.2 Linear Increase in Degree of Polymerization with Conversion14 
 
The total number of polymer chains is considered to remain unchanged throughout the 
polymerization since there is no significant bimolecular termination in the system. 
Theoretically, the number average degree of polymerization (xn) can be predetermined 
by the ratio of the monomer conversion ([M]) to the initial concentration of initiator 
([I]0) as given in Equation 2.11. A linear growth of xn with conversion should be 
attained since [I]0 is approximately constant. Inefficient initiation or the occurrence of 
significant bimolecular termination results in a higher value of xn than the predicted 
value.  
0
0
0
n
[I]
[M]
[I]
Δ[M] C
x

     (2.11) 
 
where [M]0 and C are the initial molar concentration of monomer and the fractional 
monomer conversion.
14
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2.3.2.3 Narrow Molecular weight Dispersity (ÐM)
14
 
 
Molecular weight dispersity (ÐM) is the ratio of the weight-average molecular weight to 
the number-average molecular weight. Low values of ÐM (i.e. close to 1) indicate that 
all polymer chains attained from a batch of polymerization have almost the same 
molecular weight. Polymers with low ÐM can be synthesized via RDRP if the following 
requirements are met. (i) The rate of initiation needs to be sufficiently fast relative to the 
rate of propagation so that all chains begin to grow at the same time, (ii) fast exchange 
between active and dormant species is required (i.e. faster than the rate of propagation) 
in order to minimize bimolecular termination, and (iii) bimolecular termination and 
other side reactions should be negligible since an increase in ÐM with conversion is 
observed if these reactions become significant. 
 
Ideally, a well-controlled polymerization should provide a polymer with a Poission 
distribution of molecular weight, which can be defined by
14
 
 
  nn
n
n
w
xx
x
M
M 1
1
1
1
2


     (2.12) 
 
2.3.2.4 Long Lifetime of Polymer Chains 
 
Polymer chains retain the ability to reinitiate further polymerizations after all monomer 
has been consumed due to the lack of termination and other side reactions. Hence, block 
copolymers can be synthesized by the sequential addition of a second monomer, which 
is an important feature of RDRP.
14
 Additionally, polymers containing functional end-
groups (i.e. derived from either initiator end-group or the terminal ‘capping’ group) can 
also be synthesized via RDRP.
44
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2.3.3 Nitroxide-Mediated Polymerization (NMP)40,45,46  
NMP is based on the use of stable nitroxide radicals as trapping agents for the carbon-
centred radical of a growing chain to form alkoxyamine dormant species.  
The dormant species can undergo reversible dissociation to give the nitroxide radical 
and the chain radical. The chain radical can propagate by the addition of monomer 
before being trapped by a nitroxide radical again. Since the concentration of radicals in 
the system is kept low by the coupling reaction between the chain radicals and nitroxide 
radicals, bimolecular termination is suppressed. The activation-deactivation mechanism 
in NMP is shown in Figure 2.15. 
 
Figure 2.15 Activation-deactivation mechanism for NMP. kd and kc represent the rate 
coefficients for dissociation and combination, respectively. kp is the rate coefficient for 
propagation. 
Radical polymerization mediated by stable nitroxide radicals was pioneered by 
Solomon et al.
47
 in the late 1980s. Georges et al.
48
 were the first to demonstrate that 
high molecular weight polystyrene ( 150,000) with low ÐM ( 1.3) would be 
synthesized via bulk polymerization initiated by benzoyl peroxide (BPO) in the 
presence of 2,2’,6,6’-tetramethyl-piperidine-N-oxyl (TEMPO) at temperatures range  
120-150 °C.  
Although TEMPO is an effective trapping agent, the operating temperatures are 
relatively high. This is because the C-ON bond formed in the dormant species is 
relatively strong, so that a high polymerization temperature is required to activate  
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the C-ON bond dissociation. The use of TEMPO is also limited to the controlled  
polymerization of styrene and its derivatives. As a consequence, a variety of new 
nitroxides have been developed. The development of NMP will be reviewed in detail in 
Section 2.4. 
 
2.3.4 Atom Transfer Radical Polymerization (ATRP)  
Atom transfer radical polymerization is another RDRP technique based on a process 
first reported by Matyjaszewski
49
and Sawamoto
50
. A typical ATRP system comprises 
an initiator, a catalyst, a ligand and monomer.
51
 An alkyl halide (R-X, X can be Br or 
Cl) is used as an initiator and a transition metal species (Mt
n
) which is capable of 
forming a complex with a ligand (L) is used as a catalyst.
40
 The homolytic cleavage of 
the alkyl halide is induced by a catalyst/ligand complex (Mt
n
/L) in its lower oxidation 
state to generate the catalyst complex in a higher oxidation state (Mt
n+1
X/L) and  
an initiating radical.
46,52
 Generally, the transition metal catalyst acts like a halogen 
carrier when the alkyl halide dissociates to give an active species and a halogen atom.
40
 
Chain radicals grow by addition of monomer to the active radicals before being trapped 
by the halogen atom (transferred from the catalyst complex) to form a halide-capped 
dormant species. The ATRP technique is based on the transfer of a halide atom from the 
catalyst/ligand complex to chain radicals via a redox process.
46
 The general mechanism 
of ATRP is shown in Figure 2.16. 
 
Figure 2.16 Activation-deactivation in ATRP.
46
 kact and kdeact represent the rate 
coefficients for activation and deactivation, respectively. kp is the rate coefficient for 
propagation.  
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The most commonly used catalysts are copper-based complexes (CuX/L). Pentamethyl-
diethylene-triamine, dinonylbipyridine and bipyridine are examples of ligands generally 
used to complex with copper as shown in Figure 2.17. 
In general, the activation-deactivation equilibrium in ATRP (KATRP = kact/kdeact) is 
strongly shifted towards dormant species so that the concentration of radicals is low 
and, thereby, bimolecular termination is minimized. Faster rates of polymerization can 
be achieved by changing types of initiators, catalysts and ligands, which lead to  
an increase in the value of KATRP. ATRP can be used to mediate the polymerization of 
styrenes, (meth)acrylates, acrylonitrile, (meth)acryl-amides, methacrylic acid and 
vinylpyridine in both homogenous and heterogeneous systems. 
 
 
 
 
Figure 2.17 Common ATRP ligands.
46
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2.3.5 Reversible Addition-Fragmentation Chain Transfer (RAFT) 
Reversible addition-fragmentation chain transfer relies on the chain transfer of chain 
chains to a RAFT reagent. Di-thiocarbonyl compounds (S=C(X)S-Y, see Figure 2.18) 
are commonly used as RAFT reagents, including dithioesters, dithiocarbamates, 
trithiocarbonates and xanthates.
53
 X group represents the activating group and Y group 
denotes the leaving group capable of initiating polymerization.  
 
Figure 2.18 General structure of a RAFT agent.
53
 
In the RAFT process, initiation occurs by the decomposition of a conventional free 
radical initiator to generate primary radicals and the RAFT agent is used as a highly 
active chain transfer agent. Once initiated, the primary radicals will undergo chain 
transfer with the RAFT agent. The S=C double bond of the RAFT agent is activated by 
the X group to undergo radical addition to form an intermediate radical.  
This is followed by fragmentation of the intermediate radical, releasing the leaving 
group (Y

) to yield a polymeric RAFT agent and an initiating species. The initiating 
radical will react with monomer to form a new polymer chain before adding onto  
a polymeric RAFT reagent again.
46,53
 The polymerization proceeds in this manner and 
the basic mechanism of the RAFT polymerization process is shown in Figure 2.19.  
The concentration of the RAFT reagent typically is used at higher concentrations than 
that of the initiator, so that the dormant species becomes the predominant species. The 
rate of transfer of chain radicals to the RAFT reagent needs to be much faster than the 
propagation rate in order to render bimolecular termination negligible as a chain 
termination process. Therefore, the selection of an appropriate RAFT agent for  
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a particular monomer is an important parameter since chain transfer activity depends on 
the monomer being polymerized. The RAFT process can be used to polymerize  
a variety of monomers (e.g. styrene, methacrylates, acrylates, acrylamides and vinyl 
esters) and the process can be conducted in heterogeneous systems (mainly using 
miniemulsion polymerization).
53
 
 
Figure 2.19 The basic mechanism of RAFT polymerization. 
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2.4 The Use of Nitroxides as Mediators for Radical Polymerizations 
 
2.4.1 Initiation System 
Initiation in NMP can be accomplished by two different approaches: (i) bicomponent 
system and (ii) unimolecular system (alkoxyamine). 
2.4.1.1 Bicomponent System 
Bicomponent initiation is a simple and effective system comprising a conventional free 
radical initiator (e.g. benzoyl peroxide (BPO) or 2,2’-azobis(2-methyl-propionitrile) 
(AIBN) and a nitroxide, (see Figure 2.20). The initiation starts by the decomposition of 
the initiator to generate primary radicals. The radicals formed can either react with 
nitroxides or with monomer to form growing chains before being trapped by a nitroxide. 
Since alkoxymines are generated in-situ during polymerization, the actual number of 
initiated polymer chains needs to be estimated and also depends on reaction 
conditions.
54
 The ratio of nitroxide to initiator is a crucial parameter for success in NMP 
using bicomponent systems. If the nitroxide:initiator ratio is too low, poor control of 
polymerization will result. When a very high ratio of nitroxide:initiator is used, it will 
lead to long induction periods because of the presence of excess nitroxide at the onset of 
the polymerization.
55
 
2.4.1.2 Unimolecular system  
A preformed alkoxyamine is used as the initiating species in a unimolecular system. 
The polymerization begins with the dissociation of alkoxyamine to give a nitroxide and 
a radical which can initiate the polymerization, (see Figure 2.21). This system offers  
a better control of the number of polymer chains and hence molecular weight.
54,55
 The 
number of polymer chains should be equal to the initial concentration of alkoxyamine if 
the initiation efficiency is close to 1. However, the alkoxyamine preparation and 
purification can be a time-consuming and expensive process compared to the use of 
alkoxyamine formed in-situ. 
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Figure 2.20 Mechanism of NMP in a bimolecular initiator system comprising TEMPO 
as mediator in polymerization of styrene initiated by BPO.
54
  
 
Figure 2.21 Mechanism of NMP in a unimolecular system for the polymerization of  
styrene initiated by 2,2’,6,6’-tetramethyl-1-(1-phenyl-ethoxy)piperidine (Styryl-
TEMPO). 
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2.4.2 TEMPO-Mediated RDRP 
The success of NMP relies on the equilibrium constant (K = kd/kc) which can be defined 
as the ratio of the rate of dissociation (kd) to combination (kc). TEMPO has been shown 
to be effective in controlling polymerization of styrene and some of its derivatives at 
high temperatures (120-135 °C). However, control has not been achieved when TEMPO 
is used as a mediator in the polymerization of acrylates. 
There are two main reasons which can explain this phenomenon. The first reason is  
a value of K for TEMPO-mediated polymerization of styrene (2.1×10
-11 
M at 125 °C)
56
 
is much higher than that for the polyacrylate-TEMPO system (K  1.9×10-13 M at  
130 °C)
57
. Another explanation is that styrene can undergo thermal initiation at such 
high temperatures whereas it is negligible in the case of acrylates. 
A lower K value suggests that the equilibrium of the acrylate polymerization is shifted 
further towards the dormant species than that of the styrene polymerization.  
When bimolecular termination occurs, it leads to a gradual accumulation of excess 
TEMPO during the polymerization. The presence of excess nitroxide also drives the 
equilibrium of the reaction towards the dormant species. A combination of both the low 
value of K and the build-up of free TEMPO brings about a decrease in the rate of 
polymerization and, eventually, a very retarded polymerization of acrylates.
58
  
In contrast, thermal initiation of styrene plays an important role in providing a source of 
radicals which can consume the excess TEMPO and allow the polymerization to 
proceed at a reasonable rate.  
 
Mayo
59
 proposed that a pair of radicals was believed to be formed from three molecules 
of styrene via thermal initiation of styrene. Therefore, the rate of thermal initiation can 
be defined as kthermal[M]
3
 where M is styrene monomer.
55,60
 The mechanism is postulated 
to be a two-step process. The first step is the formation of a dimeric product of styrene. 
This step is followed by an intermolecular hydrogen radical transfer to give a pair of 
radicals.
61
 The postulated mechanism of thermal initiation of styrene is shown in Figure 
2.22. 
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Figure 2.22 Mayo mechanism for thermal polymerization of styrene.
61
 
Keoshkerian 
62
 demonstrated the use of hydroxyacetone as a nitroxide scavenger to 
reduce the level of excess nitroxide build-up in the polymerization of n-butyl acrylate 
(BA) mediated with 4-hydroxy-2,2’,6,6’-tetramethyl-piperidiene-1-oxyl (4-OH-
TEMPO). Although the reaction proceeded in a living manner, attaining about 60-70% 
conversion, ÐM was high (1.6-1.7) and a high polymerization temperature was required 
(145 °C). Additionally , it is believed that the presence of a substituent which can form 
an intramolecular hydrogen bond with a nitryoxyl oxygen atom (e.g. hydroxyl groups) 
increase a stabilization of the nitroxide and hence accelerates the C-ON bond 
homolysis.
63,64
  
Moad and Rizzardo
65
 reported that the substituents in the  and ’ position to  
a nitrogen atom of a nitroxide had a crucial effect on the strength of C-ON bond in 
alkoxyamines. An increase in the steric bulk of the corresponding positions tended to 
increase the C-ON homolysis. Studer et al
66
 showed that an increase in the steric bulk of 
TEMPO by replacing methyl groups at  and ’-position to the nitrogen atom by larger 
groups reduces the strength of the C-ON bond formed during polymerization.  
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2,2,6,6-Tetraethyl-1-(1-phenyl-ethoxy)piperidin-4-one
67
 and trans-2,6-diethyl-2’,6’-
bis(tert-butyldimethylsilanoxyethyl)-1-(1-phenyl-ethoxy)-piperidine
68
 (TEMPO-based 
alkoxyamines, see Figure 2.23) were shown to  polymerize BA at 105 °C yielding 83% 
(32h) and 72% (24h) conversion with low ÐM. 
 
Figure 2.23 Structures of : 
    (a) 2,2’,6,6’-Tetraethyl-1-(1-phenyl-ethoxy)piperidin-4-one 
    (b) trans-2,6-diethyl-2’,6’-bis(tert-butyldimethylsilanoxyethyl)-1-(1-phenyl 
         -ethoxy)-piperidine, TBDMS stands for tert-butyldimethylsilyl group. 
2.4.3 The Development of Nitroxides  
New nitroxides have been developed in an effort to control polymerizations at lower 
temperatures, so that the C-ON bond formed between chain radicals and nitroxide 
should be more labile than those formed with TEMPO.  It is reported that the rate of  
C-ON bond homolysis in alkoxyamines not only depends on the structure of nitroxides, 
but also on the stability of leaving carbon-centered radicals.
47,65
 The strength of the  
C-ON bond in alkoxyamines tends to reduce with an increase in the stability of the 
leaving radicals.
69
 
Kazmaier et al.
70
 reported that the polymerization of styrene mediated by di-tert-
butylnitroxide (DBNO) (i.e. an acyclic nitroxide, see Figure 2.24a) showed a faster rate 
of polymerization compared to the polymerization mediated by TEMPO.  The reason is 
believed to be due to a greater rate of the C-ON bond homolysis. Hence, a variety of 
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acyclic nitroxides and their alkoxyamines have been synthesized. One of the most 
important developments is the introduction of acyclic -H bearing nitroxides, so-called 
‘second generation nitroxides’. N-(tert-butyl)-N’-(1-diethylphosphono-2,2’-dimethyl-
propyl)nitroxide (SG1, see Figure 2.24b) and 2,2,5-trimethyl-4-phenyl-3-azahexane-3-
oxyl (TIPNO, see in Figure 2.24c) are the most well known among them.
71
  
 
Figure 2.24 Structures of :  
(a) di-tert-butylnitroxide (DBNO) 
(b) N-(tert-butyl)-N’-(1-diethylphosphono-2,2’- dimethylpropyl)nitroxide  (SG1)                                   
(c) 2,2’,5-trimethyl-4-phenyl-3-azahexane-3-oxyl (TIPNO) 
(d) 2,5-trimethyl-4-phenyl-3-azahexane-3-oxyl  
 
Grimaldi et al.
72
 introduced a series of acyclic -phosphonylated nitroxides, including 
SG1, which have a dialkyloxyl phosphonyl group attached to a nitroxide -carbon. The 
controlled polymerization of acrylates was made possible by using SG1 as a mediator. 
TIPNO, first reported by Benoit et al., was shown to be able to control a wide range of 
monomers (e.g. acrylates, acrylamides, acrylonitrile-based monomers, isoprene, and 
butadiene).
73,74
 The main difference between these two nitroxides is that TIPNO is 
considered to be a hydrophobic nitroxide, whereas SG1 is a water soluble nitroxide.  
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Both SG1 and TIPNO contain a hydrogen atom on one of nitroxide -carbons and the 
presence of the -hydrogen is believed to make their structure less stable compared to 
traditional nitroxide TEMPO.  These nitroxide are thought to be able to undergo 
disproportionation to form nitrone and hydroxylamine, especially at high 
temperatures.
75,76
 However, the mechanism of disproportionation of acyclic -hydrogen 
bearing nitroxides is not well understood. Nilsen and Braslau
76
 postulated that the 
disproportionation of TIPNO occurred via its dimerization under evaluated 
temperatures. The oxammonium species and hydroxylamine anion were formed as 
intermediates before an intramolecular proton transfer took place, resulting in the 
formation of nitrone and hydroxylamine, as illustrated in Figure 2.25. 
 
Figure 2.25 Postulated mechanism for disproportionation of TIPNO via head-to-head 
and head-to-tail dimerization.
76
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Most nitroxides can undergo dimerization to form those two intermediates species  
(e.g. TEMPO), but only nitroxides which contain one or more hydrogen atoms on  
the -carbon relative to the nitroxide atom can undergo further disproportionation. 
Hence, the inherent instability of acyclic -hydrogen bearing nitroxides is believed  
to reduce the level of excess nitroxide build-up during polymerization.
41,54,77
 This 
achievement led to the synthesis of a variety of new acyclic -H bearing nitroxides. 
However, 2,5-dimethyl-4-phenyl-3-azahexane-3-oxyl (Figure 2.24d), a TIPNO 
derivative containing two -hydrogens, could not be used to mediate controlled 
polymerizations because an appreciable amount of nitroxide decomposed during 
polymerization due to its low stability.
73
  
Although controlled polymerization of a wide range of monomers via NMP is possible, 
success has not been achieved for methyl methacrylate (MMA). Moad et al.
78
 and 
Chong et al.
79
 investigated the bulk polymerization of MMA mediated by a series of 
cyclic nitroxides at 90 °C (i.e. five and six-membered ring nitroxides) with azobis (2,4-
dimethyl-2-pentanenitrile) used as the initiator. After less than an hour of 
polymerization, the reaction no longer proceeded as a majority of nitroxide rapidly 
underwent disproportionation to form hydroxylamines and dead polymer chains with 
unsaturated end groups. The highest conversion ( 38%) was observed for 2,5-diethyl-
2’,3,5’-trimethylimidazolidin-4-one-1-oxyl (Figure 2.26). The mechanism of  
-hydrogen transfer from the growing chains of poly(methyl methacylate) (PMMA) to 
nitroxide is presented in Figure 2.27.
80
 
 
 
 
Figure 2.26 2,5-diethyl-2’,3,5’-trimethylimidazolidin-4-one-1-oxyl.79 
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Figure 2.27 Mechanism of disproportionation between  PMMA growing chains with 
nitroxide. 
In contrast, random copolymerizations of MMA with a large proportion of styrene 
mediated by TEMPO and its derivatives can be conducted to high conversion with 
narrow ÐM. However, the degree of control over molecular weight and ÐM decreased 
with increasing mole fraction of MMA in the copolymer mixture.
81,82
 The use of second 
generation nitroxides as mediators in control polymerization of MMA has also been 
investigated by many groups. Ananchenko et al.
83
 proposed that the controlled 
polymerization of MMA initiated by SG1-EEst, N-(tert-butyl)-N’-(1-diethylphosphono-
2,2’-dimethylpropyl)-O-(1-tert-butoxycarbonylethyl)hydroxyl-lamine, could not 
succeed due to a large value of K. An estimated value of K for SG1-EEst in MMA 
polymerization is about  10-7 M at 100 °C83. In contrast,  the controlled polymerization 
of styrene initiated by Styryl-SG1, N-(tert-butyl)-N’-(1-diethylphos-phono-2,2’-
dimethylpropyl)-O-(1-phenylethyl)-hydroxylamine, was achieved with a K value of  
1.8 × 10
-9
 M at 100 °C.
84 
The large value of K suggests that a high concentration of chain radicals is present in the 
polymerization of MMA which will lead to significant bimolecular termination and, 
hence, a loss of controlled character. However, disproportionation was not the main 
mechanism for termination reactions since weak signals were observed for the olefinic 
photons from NMR analysis of dead polymer chains. 
Charleux et al.
71
 demonstrated that the high value of K in the polymerization of MMA 
mediated by SG1 could be reduced by copolymerizing MMA with an appropriate 
monomer with a low K (e.g. styrene). Copolymerization of MMA with small proportion 
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of styrene (with mole fractions of styrene in the comonomer mixture (fs) in the range of 
0.044-0.088) could proceed to high conversion in a controlled manner. A predicted K 
for the copolymerization of MMA and styrene (i.e. values of fs between 0.025 and 0.1) 
at 90 °C is in the range of 1.2 × 10
-9 
to 8.3 × 10
-9
.
71
 A noticeable reduction in K (i.e. 
from 10
-7
 to 10
-9
)
71
 was observed for the copolymerization system and the predicted 
values were close to that found for Styryl-SG1 in controlled polymerization of styrene 
(6.85 × 10
-10
 at 90 °C)
84
. 
 
2.4.4 NMP in Aqueous Dispersed Systems 
 
2.4.4.1 NMP in Emulsion Polymerizations 
Although emulsion polymerizations have a number of advantages over bulk and 
solution polymerizations, most of the research in NMP has been done in homogeneous 
systems (i.e. bulk and solution polymerizations).  
Loss of colloidal stability is an issue for NMP in an emulsion polymerization, which is 
believed to be a combination of factors related to the nucleation step and/or droplet 
nucleation.
52,55
 Although the surface area of micelles is much smaller than that of 
monomer droplets, droplet nucleation can become significant at high polymerization 
temperatures (i.e. especially for the polymerization of styrene) due to thermal initiation. 
Additionally, most surfactants undergo decomposition at high temperatures and under 
long polymerization times
85
 so that the presence of very small particles in the early 
stages of polymerization is difficult to stabilize.
52
 
Bon et al.
86
 investigated the use of a TEMPO-based alkoxyamine, 1-(1-phenyl 
-2-tert-butoxyethoxy)-2,2’,6,6’-tetramethylpiperidine, in controlled emulsion polymer-
ization of styrene. A seeded emulsion polymerization system was chosen in order to 
avoid a complex process of particle formation.  Polystyrene seed particles (90 nm in 
diameter) were swollen with all components at room temperature for 24 h before the 
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polymerization. The reaction was performed at 125 °C in a high-pressure reactor 
equipped with a magnetic stirrer. An increase in the number average molecular weight 
(Mn) with conversion was observed, but the experimental Mn was lower than theoretical 
values. The thermal initiation of styrene was suspected to be responsible for the low 
values of Mn. In addition, ÐM also increased (from 1.14 to 1.54) with increasing 
conversion. 
The NMP of styrene in an ab initio emulsion polymerization (i.e. no particles are 
present at the start of polymerization)
2
 was studied by Marestin et al.
85
  
The polymerization was carried out with 5% solids content at 130 C using various 
nitroxides with different water solubilities. The best result was observed for  
4-amino-2,2,6,6-tetramethylpiperidine-1-oxyl (4-amino-TEMPO, see Figure 2.28) 
accompanied with the use of  sodium dodecyl sulphate (SDS) and 2,2'-azobis 
(2-methylpropionamidine)-dihydrochloride (V-50) as a surfactant and initiator, 
respectively.  
 
 
Figure 2.28 Structure of 4-amino-2,2,6,6-tetramethylpiperidine-1-oxyl (4-amino-
TEMPO). 
The colloidal stability of this system was believed to arise from the presence of 
dodecanol generated by hydrolysis of SDS in the medium. In addition,  
an improvement in the latex stability was observed by the addition of a long chain 
alcohol, namely hexadecanol, into the polymerization. The Mn increased with 
conversion and polystyrene with Mn of 8700 and ÐM of 1.27 was obtained after 44 h of 
polymerization.  
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Polymer chains were created in an aqueous phase before they entered monomer-swollen 
micelles, which would then turn into latex particles. It was believed that the water 
solubility of nitroxides played an important role in order for the system to be living. 
This was due to their ability to partition between the aqueous and the organic phase.  
4-amino-TEMPO was not only soluble in monomer, but it was also appreciably soluble 
in water with a solubility of 150 g per liter at 25 C.85 Cao et al.87 also reported that the 
solubility of nitroxide in both aqueous and organic phases was an important factor in 
NMP emulsion polymerization. Hence, the structure of the nitroxide should have  
an optimized balance between the hydrophilic and hydrophobic character.  
 
This led to investigations into the use of water-soluble SG1-based alkoxyamines as 
initiators in emulsion polymerization. N-(tert-butyl)-N’-(1-diethylphosphono-2,2’-
dimethylpropyl)-O-(2-carboxyl-prop-2-yl)hydroxylamine is a new SG1-based 
alkoxyamine developed by Bertin et al.
88
 and commercially available under the 
tradename BlocBuilder MA. Under alkaline conditions (i.e. pH > 6), BlocBuilder MA 
can be converted into its carboxylate salt, which is highly soluble in water (see Figure 
2.29b).
89
  
 
 
Figure 2.29 Structures of (a) BlocBuilder MA, (b) BlocBuilder MA in its ionized form, 
and (c) a difunctional alkoxyamine of BlocBuilder MA (called DIAMA).
52
 
 
(a) (b) 
(c) 
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Nicolas et al.
90
 performed the seeded emulsion polymerizations of both styrene and BA 
using BlocBuilder MA as a mediator. The seed latex particles were prepared via a very 
dilute emulsion polymerization (i.e. solid content <1%) and the diameter of the seed 
particles produced was in a range 150-230 nm, depending on the amount of surfactant. 
The seed particles were swollen with monomer and then polymerized at 120 C for 
styrene and at 112 C for BA. BlocBuilder MA was first dissolved in a solution of  
0.4 M sodium hydroxide (1.6 equiv.) before adding into the reaction. Therefore, 
initiation was believed to start mostly in the aqueous phase as micellar nucleation  
is a preferred mechanism for particle formation in emulsion polymerization of 
hydrophobic monomers. The polymerizations reached about 85 to 90% conversion after 
8 h with particle diameters in the range of 300-600 nm. The seeded emulsion 
polymerizations of both styrene and BA mediated by BlocBuilder MA were found to 
proceed in a living manner. Polystyrene and poly(n-butyl acrylate) (PBA) with 
controlled molecular weight and low ÐM were obtained. 
 
The use of BlocBuilder MA and its difunctional alkoxyamine (called DIAMA, shown in 
Figure 2.29c), was also investigated in semi-batch emulsion polymerization at 112 C.91 
Part of the monomer was mixed with an aqueous phase containing a surfactant (Dowfax 
8390) and a buffer (NaHCO3) to form an emulsion. When the temperature was raised, 
BlocBuilder or DIAMA in a sodium hydroxide solution was added into the reaction. 
The polymerization was allowed to proceed for a given time to form seed particles and 
the rest of the monomer was fed continuously into the reaction. The feeding rate of 
monomer was another crucial parameter for this system to be living as the side reactions 
would become significant under monomer-starved conditions. BlocBuilder MA and 
DIAMA were shown to be efficient in controlling the molecular weight of PBA and the 
final polymers with ÐM of 1.3-1.5 were observed. Latexes with smaller particle 
diameters and a lower particle size distribution were obtained when DIAMA was used 
as an initiator compared to latexes prepared utilizing BlocBuilder MA. This suggested 
that the ability of carboxylic acid groups to ionize and form carboxylate anions 
improved the stability of latexes. 
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2.4.4.2 NMP in Minimulsion Polymerization 
NMP in aqueous dispersed systems has been studied mostly in miniemulsion 
polymerization. The main reason for this is to avoid the nucleation step which often  
is attributed to the colloidal stability problems in NMP emulsion polymerization.
52,55
  
As the polymerization occurs predominantly in the monomer droplets (i.e. droplet 
nucleation), the step of particle formation can be avoided. In addition, either water-
soluble or oil-soluble initiators can be employed in this system.
14,55
 Therefore, 
miniemulsion polymerization is a more suitable system for studies of heterogeneous 
NMP.  
The molar ratio of nitroxide to radical initiator was reported to be a crucial parameter in 
the controlled polymerizations using a bicomponent initiating system. Successful NMP 
of styrene in miniemulsion polymerization mediated by TEMPO was reported by 
Prodpran et al.
92
 The polymerization was conducted with 20% solids content at 125 °C 
and benzoyl peroxide (BPO) was used as a free radical initiator. The value of ÐM 
increased with a low ratio of TEMPO to BPO (< 3.0) due to a deficiency of TEMPO in 
the reaction. A continuous increase in the number of polymer chains with conversion 
was observed when using TEMPO:BPO molar ratios of 1.25:1 and 1.35:1. In contrast, 
the number of polymer chains was more or less constant and a relatively low ÐM  
(1.3-1.6) was observed for a 3:1 molar ratio of TEMPO:BPO. This was probably 
because the thermal initiation and homogeneous nucleation of styrene in an aqueous 
phase were minimized by a large amount of TEMPO in the reaction.  
Macleod et al.
93
 used potassium persulfate (KPS) (i.e. a water-soluble initiator) to 
initiate TEMPO-mediated miniemulsion of styrene at 135 °C.  A molar ratio of 2.9:1 
TEMPO:KPS was found to give good control of ÐM (1.1-1.2). Cunningham et al.
94
 
reported that when a high molar ratio of TEMPO:KPS (4:1) was used, an induction 
period was typically seen in miniemulsion polymerization. 
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 It was because the concentration of nitroxide was higher than that of the primary 
radicals generated from initiator. This effect became more significant at higher 
concentrations of TEMPO as the duration of the induction time was influenced by the 
initial concentration of nitroxide in the system. 
The ability to partition between the aqueous and organic phases of nitroxide and 
initiator is another factor needs to be considered for the polymerization using 
bicomponent initiating system.
94
 The nitroxide partition coefficient (P) of TEMPO  
and 4-hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl (4-OH-TEMPO) was measured by  
Ma et al.
95
 and P was defined as a ratio of the nitroxide concentration in the organic 
phase to the nitroxide concentration in water. The values of PTEMPO and P4-OH-TEMPO 
between styrene and water at 135 °C were 652 and 14.3, respectively. This shows that 
the tendency of 4-OH-TEMPO to partition into water was much greater than TEMPO. 
Hence, the lower concentration of nitroxide in polymer particles was expected for the 
polymerization mediated by 4-OH-TEMPO. This result was consistent with  
the observation that conversion at a given time for the OH-TEMPO-mediated 
polymerization was higher than the TEMPO-mediated polymerization.  
When an oil-soluble initiator, such as BPO, is employed in miniemulsion 
polymerization, the majority of polymer chains are likely to be initiated in monomer 
droplets. In contrast, the water-phase initiation is likely to be predominant for 
miniemulsion polymerization initiated by KPS, excluding polymer chains initiated by 
thermal initiation of styrene.
55
  
Cunningham et al.
94
 conducted TEMPO-mediated polymerization of styrene initiated  
by either BPO or KPS at 135 °C and a molar ratio of 1.7:1 TEMPO:initiator  was used. 
For BPO-initiated polymerization, the number of polymer chains was more or less 
constant throughout the course of polymerization. This result suggested that almost  
all oligoradicals or alkoxyamines entered into the particles at the onset of the 
polymerization. On the other hand, an increase in the number of polymer chains at low 
conversion was observed when KPS was employed. Moreover, the number of polymer 
chains obtained from KPS-initiated reaction was almost two times higher than found in 
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BPO-initiated polymerization. Since oligoradicals or alkoxyamines initiated by KPS 
were expected to be more hydrophilic than those initiated by BPO, it took a longer time 
for those to reach a critical length and enter droplets or particles. However, when  
OH-TEMPO was employed as a mediator instead of TEMPO under identical 
polymerization conditions, a gradual increase in the number of polymer chains was 
observed when either BPO or KPS was used. Additionally, OH-TEMPO-mediated 
polymerization produced a lower number of chains than TEMPO-mediated 
polymerization. These results suggested that the initiator efficiency in bicomponent 
initiation systems was significantly influenced by the choice of nitroxide and initiator.
94
  
Pan et al.
96
 investigated the effect of TEMPO-terminated polystyrene (TTOPS)   
(i.e. Mn = 7050) concentration on the rate of polymerization of styrene in miniemulsion 
at 125 °C. No significant effect was observed on the rate of polymerization when the 
concentration of TTOPS increased. The reaction exhibited the features of a controlled 
polymerization, as seen by the approximately linear increase in Mn with conversion. 
However, the experimental Mn was lower than the theoretical values and ÐM also 
increased with conversion. This suggested an increase in the number of active chains 
due to thermal initiation of styrene during the course of polymerization.  
Farcet et al.
97
 demonstrated the feasibility of conducting miniemulsion polymerizations 
of styrene under atmospheric pressure at 90 °C. SG1 was used as a mediator and   
a redox initiator system (i.e. potassium persulfate (K2S2O8) and sodium thiosulfate 
(Na2S2O8)) was chosen. The pH of the aqueous phase was shown to be an important 
parameter in this system as the side reactions between SG1 and the redox initiator 
become significant under acidic conditions. This led to the reduction in the 
concentration of both SG1 and initiating species and poor control of molecular weight 
and ÐM. However, the side reaction was diminished at neutral pH. When a suitable pH 
buffer, such as postassium carbonate, was employed to maintain the pH of the water 
phase close to 7, the polymerization proceeded in a living manner. Although the 
reaction showed an induction period, good agreement between the experimental Mn and 
the theoretical values was observed. 
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The ratio of monomer:water (wt:wt) was found to be another important parameter. As 
the monomer:water ratio increased from 1:9 to 3:9, a decrease in the ÐM of final 
polymer was observed (1.5 to 1.22). This probably contributed to a decrease in 
partitioning of SG1 into the aqueous phase and hence a higher concentration of SG1 in 
the particles.  
Farcet et al.
98
 also reported the use of N-(tert-butyl)-N’-(1-diethylphosphono-2,2’-
dimethylpropyl)-O-(1-methoxycarbonylethyl)hydroxylamine,  (MONAMS see Figure 
2.30), in controlled miniemulsion polymerizations of BA at 112 and 125 °C.  
 
Figure 2.30 The structure of SG1-based alkoxyamine MONAMS. 
Better control of molecular weight and ÐM was observed when an excess of SG1 was 
used, contributing to a further shift of the equilibrium of reaction towards the dormant 
species. A suitable molar ratio of SG1:MONAMS (denoted as r) was found to depend 
on polymerization temperature. An increase in r (i.e. ranging from 0.013 to 0.101) 
resulted in a decrease in both the rate of polymerization and ÐM. After 7 h of 
polymerization at 125 °C, polymerization with r = 0.101 attained 91% conversion and 
ÐM of  1.4. Stable latex with 20% solids content and average particle diameter of  
650 nm was obtained. Additionally, a decrease in the level of control over Mn and ÐM 
was often seen when the molar ratio of monomer:MONAMS increased which was 
similar to the observation found in the bulk polymerization.  
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2.4.5 Synthesis of Block Copolymers via NMP 
Ideally, as nitroxide-terminated polymer chains retain the ability to grow after the first 
monomer is completely consumed, addition of another monomer would bring about  
the formation of block copolymers. Thus, chain extension of macroinitiators with  
a different monomer is a common route used to synthesize block copolymers via NMP. 
For this approach, NMP is first conducted to a target molecular weight (i.e. typically by 
bulk polymerizaiton) and nitroxide-terminated polymer is then isolated and used as  
a macroinitiator. 
Georges et al.
99
 demonstrated the use of TEMPO-terminated polystyrene (TEMPO-PS) 
(Mn = 1550 and ÐM = 1.4) as a macroinitiator for solution polymerization of  
1,3-butadiene in a mixture of ethyl acetate and dimethyl sulfoxide at 123 °C. As a 
result, polystyrene-block-polybutadiene (PS-b-PB) (Mn = 4070 and ÐM = 1.34) was 
formed. The successful synthesis of polystyrene-block-polyisoprene-block-polystyrene 
triblock copolymers (PS-PI-PS) was also reported using a similar method. Benoit et 
al.
73
 conducted the chain extension of TIPNO-terminated poly(n-butyl acrylate) (Mn = 
7800 and ÐM = 1.08) with styrene in the presence of acetic anhydride at 123 °C to form 
poly(n-buyl acrylate)-block-polystyrene block copolymers (PBA-b-PS) with Mn of 
28000 and ÐM of 1.09.  
Marx and Hemery
100
 demonstrated the use of alkoxyamines based on a new  
nitroxide, namely 2,2’,5-trimethyl-4-(2-pyridyl)-3-azahexane-3-nitroxide to synthesize 
polystyrene-block-poly(n-butyl acrylate) block copolymers (PS-b-PBA). The nitroxide 
terminated polystyrene was first prepared by bulk polymerization at 125 C and then 
used as macroinitiator in the bulk polymerization of BA at the same temperature. The 
PS-b-PBA obtained had a relatively low ƉM (1.2). However, an increase in ƉM of the 
PS-b-PBA was observed (from 1.2 to 1.33) when the Mn was increased from 8700 to 
25,550 by growth of the polystyrene macroinitator with BA. 
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Marx et al.
101
 also reported the use of a difunctional TIPNO-based alkoxyamine to 
prepare polystyrene-block-poly(n-butyl acrylate)-block-polystyrene, (PS-b-PBA-b-PS), 
by bulk polymerization at 115 °C. BA was first polymerized using a difunctional 
TIPNO-based alkoxyamine as initiator to form the difunctional PBA macroinitator (Mn 
= 9200 and ƉM = 1.25). This was followed by the use of the difunctional PBA 
macroinitators obtained to initiate styrene polymerization to form PS-b-PBA-b-PS. The 
shift in MWD of the difunctional PBA macroinitiator towards higher molecular weight 
provided evidence for the formation of PS-b-PBA-b-PS. Additionally, the PS-b-PBA-b-
PS formed also had a unimodal MWD with Mn = 54900 and ƉM = 1.34. 
The preparation of polystyrene-block-poly(n-buyl acrylate) block copolymers (PS-b-
PBA) in miniemulsion polymerization using NMP was first reported by Keoshkerian et 
al.
102
 TEMPO-PS with Mn in a range of 1500-2500 was first prepared by bulk 
polymerization (to about 5% conversion) and then used to initiate the polymerization of 
BA in miniemulsion at 135 °C. High conversion (>99.5%) was observed and PS-b-PBA 
(Mn = 35638) with vary narrow ÐM (1.18) was obtained. This was suspected to be due to 
the presence of TEMPO-PS in the reaction. Miller et al.
103
 also reported that almost all 
monomer droplets were converted into latex particles when 1% of a high molecular 
weight polymer was added into the polymerization.  
It was believed that the viscosity inside the miniemulsion droplets increased as some 
chains of high molecular weight polymers were present in the droplets.
103
 The increase 
in viscosity inside the droplets increased the possibility of a primary radical that had 
entered the droplets to stay inside them long enough to undergo propagation with 
monomer molecules. As chain radicals grew, they became more hydrophobic and, 
thereby, reduced their ability to exit the droplets into the aqueous phase. Hence, the 
possibility of successful capture the primary radical by the miniemulsion droplets 
increased.
15,103
 
Georges et al.
58
 performed chain extension of TEMPO-terminated poly(n-butyl 
acrylate) (TEMPO-PBA) prepared under miniemulsion conditions with a mixture of 
tert-butyl acrylate and styrene (1:1 v/v) in bulk polymerization at 127 °C. A small 
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amount of camphorsulfonic acid (CSA) was added into the reaction in order to reduce 
the excess nitroxide generated from bimolecular termination. An increased Mn (17874 to 
24025) was observed after 1.5 h of polymerization and ÐM remained almost the same as 
for the starting first block (i.e. 1.34 to 1.33). 
Tortosa et al.
104
 synthesized PS-b-PBA in miniemulsion polymerization using TEMPO-
PS and OH-TEMPO-PS prepared under miniemulsion conditions as macroinitators. 
Although the observed Mn increased approximately linearly with conversion for both 
reactions, OH-TEMPO-mediated polymerization (51.4%) showed much higher 
conversion than TEMPO-mediated reaction (14.1%) after 6 h at 135 °C.  
The explanation for this was the difference in the ability of OH-TEMPO and TEMPO to 
partition into the aqueous phase, as indicated by partitioning coefficients. Since  
OH-TEMPO partitions more to the aqueous phase than TEMPO
95
, one would expect 
their partition coefficients between BA and water to be comparable to those in the 
styrene-water values. It was suggested that only  38% of free OH-TEMPO would be 
present in the monomer droplets ( 62% in the aqueous phase), while most of TEMPO 
( 96%) would be in the particles.104 Hence, the faster rate of polymerization for the  
OH-TEMPO-mediated reaction was a result of the lower concentration of nitroxide in 
the particles. If too much nitroxide partitioned into the aqueous phase, it would probably 
lead to a deficiency of nitroxide for mediation of the polymerization. As a consequence, 
a noticeable increase of ÐM was observed for the OH-TEMPO-mediated reaction (i.e. 
from 1.17 to 2.10), whereas ÐM increased from 1.15 to 1.45 for the TEMPO-mediated 
reaction. 
A practical and economic technique for synthesis of block copolymers by NMP via 
miniemulsion polymerization was described by Farcet et al.
105
 Poly(n-buyl acrylate)-
block-poly[(n-butyl acrylate)-co-styrene] [PBA-b-P(BA-co-PS)] was synthesized by 
sequential monomer addition under miniemulsion conditions using MONAMS as an 
initiator. The miniemulsion polymerization of BA was first conducted at 115 °C in the 
presence of about 0.1% of high molecular weight polystyrene (i.e. Mw = 330000 ) with 
respect to the weight of BA. The polymerization was allowed to proceed to about 80% 
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conversion and the resulting latex was cooled to room temperature. It was then swollen 
with part of the styrene under stirring overnight without removal of the unreacted BA. 
After that, the rest of the styrene was added and the temperature was raised to 115 °C.  
A shift of the molecular weight distribution towards higher molecular weight was 
observed after the styrene addition, indicating efficient reinitiation of the PBA first 
block with the BA/styrene muxture. A linear increase in Mn with conversion was seen 
and ÐM of the final polymer was 1.27. 
Similarly, polystyrene-block-poly[styrene-co-(n-butyl acrylate)] [PS-b-P(S-co-BA)] 
could be formed by sequential monomer addition under miniemulsion conditions. 
However, the reintiation of the PS first block with the comonomers of styrene and BA 
was ineffective since a bimodal molecular weight distribution was observed for the 
block copolymers.
105
 
Guo et al.
106
 investigated the use of SG1-terminated polystyrene (SG1-PS) to control 
miniemulsion polymerization of styrene 100 C. Miniemulsion droplets were prepared 
by in situ formation of surfactant, potassium oleate, from the reaction between oleic 
acid and potassium hydroxide (KOH). The organic phase, containing styrene, 
hexadecane, SG1-PS, SG1, and oleic acid, was added drop-wise into a solution of KOH 
in water using magnetic stirring. The good colloidal stability of particles was attained 
when the concentration of potassium oleate used was about 31 wt % relative to styrene.  
The particles formed during polymerization had a broad distribution, from < 100 nm to 
micrometer-sized particles (500 - 3500 nm). Additionally, a decrease in the number of 
particles with conversion also was observed, which probably caused by Ostwald 
ripening and droplet coalescence. However, there was good agreement between the 
experimental and theoretical value of Mn and the value of ƉM remained more or less 
constant throughout the reaction (< 1.22).  
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Enright et al.
107
 demonstrated the preparation of PS-b-PBA in miniemulsion 
polymerization conducted in a continuous tubular reactor. Miniemulsion polymerizaiton 
of styrene was first performed in the tubular reactor at 135 C to higher conversion 
(82.6% conversion), using PS-TEMPO as macroinitiator. The polystyrene latex 
obtained was collected and then swollen with BA overnight under magnetic stirring. 
The resulting latex was then transferred into the tubular reactor and polymerized at 135 
C. The formation of the diblock copolymers was proven by a shift in MWD of the first 
polystyrene block towards higher molecular weight after chain extension with BA. The 
ƉM of the diblock copolymer obtained (1.25) was only slightly higher than that of the 
first polystyrene block (1.19), indicating that a significant portion of the first 
polystyrene block maintained living.  
 
The effects of particle size on the rate of polymerization, levels of control and 
livingness for NMP in miniemulsion, known as compartmentalization effects, have been 
reported by many groups.
55,108-111
 The compartmentalization effect can be divided into 
two separate effects (i.e. segregation and confined spaced effects).
108
 The segregation 
effect refers to the phenomenon in which chain radicals located in separate particles are 
unable to reach with one another.
108,111
 In miniemulsion polymerization, polymerization 
takes place in miniemulsion droplets that are segregated from one another and each of 
which can be considered as a small reactor. Hence, the segregation of polymer particles 
from each other would lead to a reduction in the rate of bimolecular termination 
between chain radicals due to the segregation effect.
55,111
 As a consequence, the 
segregation effect results in a higher rate of polymerization in miniemulsion 
polymerization than bulk polymerization due to a decrease in the rate of bimolecular 
termination.
55
 On the other hand, the probability of deactivating chain radicals by 
coupling to nitroxide radicals located in the same particles would be expected to 
increase as the particle size of miniemulsion droplets becomes smaller.
111
 This 
phenomenon is known as the confined space effect, which refers to an increase in the 
rate of deactivation of chain radicals by nitroixde radicals with decreasing particle 
size.
108,111
 Thus, the rate of polymerization is expected to be lower than bulk 
polymerization when the confined spaced effect is dominant.
112
 Hence, an improvement 
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in the level of control and livingness is expected to be a consequence of a decrease in 
particle size for NMP in miniemulsion.
108
 
 
Maehata et al.
113
 demonstrated the existence of a compartmentalization effect in 
miniemulsion polymerization of styrene mediated by TEMPO. Miniemulsion 
polymerizations were conducted at 135 C by varying the size of miniemulsion droplets 
from 50 to 180 nm. As the size decreased, a reduction in the rate of polymerization was 
observed, which was accompanied by an increase in livingness of the polymer chains. 
In all cases, the rates of polymerization were lower than that in bulk polymerization. 
The simulation studies of compartmentalization effects in NMP performed by 
Zetterland and Okubo also gave a similar trend for livingness and the rate of 
polymerization with decreasing particle size.
108,111
 Zetterland
111
 proposed that the 
critical particle size where compartmentalization effects became significant in NMP 
dispersed systems depended mainly on the rate coefficients (i.e. kd, kc, kp and kt)  and 
polymerization conditions (e.g. polymerization temperature) because these parameters 
relate to the change in the number of both chain radicals and nitroxide radicals in the 
particles. 
 
Zetterland and Okubo
112
 performed simulation studies of compartmentalization effects 
on styrene polymerizations at 125 C mediated by two nitroxides with different values 
of K (i.e. TEMPO and TIPNO). This simulation was conducted on the assumption that 
both nitroxides had similar solubility in water so that their ability to partition into the 
aqueous phase was minimized. It was predicted that the segregation effect would be 
apparent in both systems when the particle size was  100 nm. The rates of 
polymerization observed in these particle size regions were higher that bulk 
polymerization as the polymerizations were influenced strongly by the segregation 
effect. Additionally, the value of K for TIPNO-mediated polymerization was much 
higher than that of TEMPO-mediated polymerization so that the equilibrium of the 
reaction mediated by TEMPO should shift further towards the dormant species than the 
reaction mediated by TIPNO.
112
 Thus, TEMPO-mediated polymerization was expected 
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to be more affected by the confined space effects than the reaction mediated by TIPNO 
due to the lower concentration of active radicals in the system. These simulation studies 
showed that smaller particle size was required for the confined space effect to become 
significant in TIPNO-mediated polymerization than TEMPO-mediated polymerization. 
The particle diameters for which the confined space effect began to play a significant 
role in polymerizations mediated by TIPNO and TEMPO were 15 and 55  nm, 
respectively.  
 
 
2.5 Kinetics of Nitroxide-Mediated Free Radical Polymerization 
 
NMP can be initiated by either alkoxyamine (R-ON) as first reported by Solomon et 
al.
47
 or a conventional initiator in the presence of nitroxide radical, as pioneered by 
Georges et al.
48
 In the latter case, an alkoxyamine is formed in situ at an early stage of 
polymerization.
114
 The polymerization starts by the decomposition of R-ON to give  
a nitroxide radical (NO

) and an active species (R

) which is capable of initiating active 
chains. The formation rate of both NO

 and R

 depends on the rate of dissociation for  
a particular alkoxyamine and soon after starting polymerization most R-ON will convert 
into nitroxide-terminated polymer (P-ON). Once initiated, the active radicals can either 
propagate with monomer as growing chains or react with themselves to form dead 
chains. Hence, the concentration of free radicals needs to be kept low to make the 
bimolecular termination reaction insignificant. 
 
The success in NMP is based on the reversible combination between P

 and NO

 to 
form a dormant species (P-ON) (Figure 2.31). The equilibrium constant (K) for the 
activation-deactivation equilibrium is defined by kd/kc where kd and kc are the rate 
coefficients for dissociation and combination, respectively.  
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Figure 2.31 The mechanism of reversible dissociation-combination in NMP, where M is 
the monomer, and kp and kt are the rate coefficients for propagation and termination, 
respectively. 
 
The concentrations of both the nitroxide radical [NO

] and the active species [P

] should 
be equal at the start of polymerization as each mole of R-ON will dissociate to give one 
mole of NO

 and one mole of P

. The concentration of P
 
quickly attains a value at 
which the rate of bimolecular termination becomes significant (i.e., the reaction between 
two P

 radicals to form dead polymer chains). The existence of bimolecular termination 
leads to a reduction in [P

] and an excess of free NO

. 
 
As bimolecular termination continues to occur, the excess [NO

] increases and forces 
the equilibrium to shift to the left (i.e. the dormant species side), resulting in a reduction 
in [P

] and hence in the rate of polymerization. This leads to an adjustment in the 
balance between the rate of dissociation and combination in which [NO

] > [P

] and  
is termed a quasi-equilibrium.
115
 The quasi-equilibrium can be described as 
  
]][NOP[]ONP[d
 ckk        (2.13) 
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ON][P
]][NO[P



K
k
k
c
d             (2.14) 
 
where [P-ON], [P

], and[NO

] are the concentrations of alkoxyamine, active species, 
and nitroxide, respectively. 
 
2.5.1 Stationary-State System 
 
Kinetic studies of NMP have been carried out mostly with styrene using TEMPO and its 
derivatives. Fukuda et al. proposed that the quasi-equilibrium needs to be controlled for 
successful NMP.
115
 The main reactions and rates involved in the change in radicals 
concentration for NMP of styrene are shown in Figure 2.32.
60
 
 
Although a quasi-equilibrium is reached, the concentration of P

 still continues to 
reduce with time due to the continuous termination process. In contrast, an excess of 
free NO

 continues to build up with time. The accumulation of NO

 will lead to  
a very retarded polymerization as the equilibrium of the reaction is strongly driven 
towards dormant species. If initiation occurs in the system via either a thermal initiator 
or thermal initiation from styrene, the excess NO

 will be consumed by newly-generated 
radicals and the reaction will reach a stationary-state condition.
56,60
 This is the state at 
which the rates of initiation and termination are equal: 
2
ti ][P2
 kR      (2.22) 
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            (2.21) 
 
Figure 2.32 The main reactions involved in NMP of styrene
60
 (factor of 2 in Equation 
2.18, 2.19 and 2.21 accounts for the formation or consumption of two species  in the  
corresponding reactions)
41,116,117
. 
Fukuda assumed that bimolecular termination only occurs via disproportionation (for 
simplicity) and all the rate coefficients are independent of the length of the polymer 
chains. The time taken for the quasi-equilibrium to be reached is considered to be so fast 
that polymerization during the pre-equilibrium stage has no significant effect on 
kinetics.  
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The number of dormant species is also considered to be constant throughout the 
polymerization and very close to the initial alkoxyamine concentration (i.e. [P-ON] = 
[R-ON] = [I]0). The number of chains generated by both bimolecular termination and 
initiation are considered to be much smaller than that of dormant species. The rate of 
initiation (Ri) of conventional initiators and/or thermal initiation is also assumed to be 
constant. Therefore, the rates of the radical formation and loss can generally be 
described by the following equations 
2
ticd ]P[2]][NOP[]ONP[
d
]d[P 

 kRkk
t
  (2.23) 
 
]][NOP[]ONP[
d
]d[NO
cd


 kk
t
    (2.24) 
 
The stationary-state system originally proposed by Fukuda, et al. assumes that Ri is 
significant (even in the absence of added initiator, due to thermal generation of radicals 
by thermal initiation of styrene). When the stationary state is reached, initially the net 
rate of change in [P

] and [NO

] is equal to zero:  
0
d
]d[NO
d
]d[P


tt
        (2.25) 
and                                               
2/1
t
i
2
]P[ 






k
R
          (2.26) 
Assuming [P-ON] = [I]0, the quasi-equilibrium assumption, Equation 2.14, can be 
rewritten as 
2/1
i
t
0
2
I][]NO[ 






R
k
K         (2.27) 
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Substitution of Equation 2.26 into the rate equation of polymerization (Equation 2.20) 
gives 
2/1
t
i
pp
2
M][
d
d[M]







k
R
k
t
R     (2.28) 
Equation 2.28 can be rearranged and integration limits for [M] applied to give 
     
    





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t
t
k
R
k
0
2/1
t
i
p
]M[
]M[
d
2[M]
d[M]
0
         (2.29) 
assuming Ri is not time dependent, this can be solved to give 
t
k
R
k
2/1
t
i
p
]M[
]M[ 2
]Mln[
0 

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
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

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  t
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1/2
t
i
p
0
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



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


       (2.31) 
Equation 2.28 suggests that for the scheme shown in Figure 2.32, the rate of 
polymerization of styrene under stationary-state conditions is independent of the 
concentration of alkoxyamine and the same as that of conventional free-radical 
polymerizaiton.
56
 According to Equation 2.31, a plot of ln([M]0/[M]) against t should be 
linear if bimolecular termination is insignificant.
14,39
 [M]0 and [M] represent the 
concentration of monomer at time 0 and time t, respectively. The slope of the 
corresponding plot is equal to kp[P

] which enables the concentration of active radicals 
in the system to be calculated since kp is a constant for a given monomer at a particular 
temperature.
39
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2.5.2 Persistent Radical Effect (PRE) 
2.5.2.1 Introduction 
 
Fischer was the first to propose the concept of a persistent radical effect (PRE) in which 
the concentrations of both NO

 and P

 are not stationary but obey the unusual laws of  
a PRE.
114,118
 Fischer considered that active species are generated only from the 
dissociation of alkoxyamine and there are no other radical sources (e.g. conventional 
initiator or thermal initiation of monomer) (Ri = 0) in this system.
115
 Since nitroxide 
radicals (the persistent radicals) do not undergo termination, an excess of free nitroxide 
is built up when bimolecular termination of chain radicals occurs. The increase in 
concentration of the excess nitroxide is found to be proportional to t
1/3
. Hence, the loss 
of the chain radicals is proportional to t 
-1/3
 in order to retain the balance between the 
rate of dissociation and combination. 
PRE in NMP was also described by Fukuda using a different approach from Fischer 
(using less complicated equations), but gave the same conclusion. However, Fukuda’s 
approach was based on the assumptions that Ri = 0 and [P-ON] = [R-OH] = [I]0. 
Additionally, d[P

]/dt can be neglected compared to d[NO

]/dt because [NO

] is 
considered to be much higher than [P

] (i.e. [NO

] >> [P

]). The kinetics presented in 
the following section describe the PRE, as derived by Fukuda. 
2.5.2.2 Fukuda’s Approach to the PRE 
 
The change in the concentration of radicals can be divided into three regimes.
114,118,119
 
At first, R

 and NO

 are formed by the dissociation of R-ON with the rate coefficient kd. 
Once initiated, most R

 will convert into P

 by addition of monomer and the resulting P
 
and NO

 are able to reversibly combine to form a dormant species with the rate 
coefficient kc. The concentration of both radicals is equal at this stage as they must be 
generated at the same rate.  
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When the concentration of radicals is attained at which bimolecular termination 
becomes significant, [P

] decreases. As a consequence, an excess of NO
 
builds up and 
adjusts the balance between the rates of dissociation and combination. This stage is 
called the quasi equilibrium regime. P

 chains grow by addition of monomer with a rate 
coefficient kp and undergo bimolecular termination to form unreactive polymer chains 
with the rate coefficient kt. As the polymerization progresses, the concentration of NO

 
reaches a point at which it remains approximately constant. At this stage, all P

 are 
assumed to have undergone bimolecular termination to form unreactive chains and a 
steady-state concentration of P

 and NO

 is reached.
114,118
 
 
Disproportionation is assumed to be the only termination mechanism in this system. All 
the rate coefficients are assumed to be independent of the length of  
the polymer chains. As a result, [P-ON], [P

], and [NO

] can be used to represent the 
total concentration of dormant species, active species, and nitroxide radical, 
respectively. Alkoxyamine and monomer are considered to be the only two reactants 
present at t = 0 and their initial concentrations are denoted as [I]0 and [M]0, 
respectively.
120
 
 
According to Figure 2.32, the change in the concentrations of radicals according to PRE 
can be described by the following equations
120
 
 
2
tcd ]P[2]][NOP[]ONP[
d
]d[P 

 kkk
t
   (2.32) 
 
]][NOP[]ONP[
d
]d[NO
cd


 kk
t
    (2.33) 
 
][M]P[
d
d[M]
p
 k
t
     (2.34) 
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Equation 2.33 can be substituted into Equation 2.32 to give 
 
2
t ]P[2
d
]d[NO
d
]d[P 

 k
tt
    (2.35) 
 
Fukuda assumed that 
td
]d[P
is negligible compared to
td
]d[NO
. Hence, Equation 2.35 
can be simplified to 
 
2
t ]P[2
d
]d[NO 

 k
t
    (2.36) 
 
As [P-ON] is assumed to be constant, 0I][]ONR[]ONP[  . On this basis, 
Equation 2.36 can be rewritten according to the quasi-equilibrium assumption (Equation 
2.14) as 
 
2
2
0
2
t
][NO
[I]2
d
]d[NO



Kk
t
     (2.37) 
 
 
tKkd d[I]2][NO][NO 20
2
t
2      (2.38) 
 
 
Integration of Equation 2.38 between [NO

]0 at t = 0 and [NO

] at t gives 
 
 



t
tKkd
0
2
0
2
t
][NO
][NO
2 d[I]2][NO][NO
0
    (2.39) 
 
According to the assumption that only alkoxyamine and monomer are present at  
t = 0, so that [NO

]0 is considered to equal to zero. Equation 2.39 is solved to give  
 
tKk 20
2
t
3 [I]6][NO       (2.40) 
 
  3/13/1202t [I]6][NO tKk     (2.41) 
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Hence, the substitution of Equation 2.41 into the quasi-equilibrium assumption 
(Equation 2.14) with [P-ON] = [I]0 gives 
 
  3/13/1202t
0
[I]6
I][
]P[
tKk
K
     (2.42) 
 
3/1
3/1
t
0
6
I][
]P[  







 t
k
K
     (2.43) 
 
 
Inserting Equation 2.43 into the rate equation of polymerization (Equation 2.20) gives 
 
1/3
1/3
t
0
p
6
K[I]
 [M]
d
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Integration of Equation 2.45 between [M]0 at t = 0 and [M] at t gives 
 
tt
k
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k d
6
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3/1
t
0
p
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]M[ 0
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






     (2.46) 
which is solved to give  
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Equation 2.44 indicates that the rate of polymerization has a 1/3 order dependence on 
the concentration of alkoxyamine under the PRE. The concentrations of both active 
radicals [P

] and nitroxide [NO

] show a -1/3 and 1/3 order dependence on time, 
respectively (see Equation 2.43 and 2.41).
114,118
 According to the PRE, a plot of 
ln([M]0/[M]) against t
2/3
 should be linear since ln([M]0/[M]) is predicted to have  
a  2/3 order dependence on t. 
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3 Characterization Techniques and Synthesis of Styryl-TITNO 
This chapter is divided into two parts: characterization techniques and the synthesis of 
Styryl-TITNO. The first part is concerned with characterization techniques used in all 
the work reported in this thesis. The techniques include nuclear magnetic resonance 
(NMR), electron paramagnetic resonance (EPR), gel permeation chromatography 
(GPC), gas-liquid chromatography (GLC), photon correlation spectroscopy (PCS), and 
ultraviolet and visible light absorption spectroscopy (UV-vis). 
The synthetic route to Styryl-TITNO consisted of four steps and is described in the 
second part of this chapter, including NMR spectra of the intermediates from each step 
in the synthetic procedure. 
 
3.1 Characterization Techniques 
3.1.1 Nuclear Magnetic Resonance (NMR) 
Nuclear magnetic resonance is one of the most essential tools for investigating and 
determining structures of organic compounds. NMR operates based on the interaction 
between an atomic nucleus possessing a magnetic moment and electromagnetic 
radiation in the presence of an external field.
1
 Magnetic fields ranging from 2 – 10 T 
(Tesla) are typically employed for NMR spectroscopy.
2
 
Atomic nuclei with an odd number of protons or neutrons, or with odd numbers of both 
protons and neutrons have nuclear spins (I). As a nucleus is a particle bearing a positive 
charge, the spinning of the nucleus generates an electric current and, hence, a magnetic 
moment (). Common nuclei possessing magnetic moments include 1H, 13C, 15N, 19F, 
29
Si, and 
31
P. In contrast, nuclei with an even number of both protons and neutrons 
appear do not possess nuclear spins (e.g. 
12
C and 
16
O)
1
 and are not active in NMR. 
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The magnetic moment is a vector quantity since it has both direction and magnitude. 
The direction of the magnetic moment can be expressed by the magnetic quantum 
number (m) and the permitted value of m is defined as m = I, (I-1).....-I. The magnitude 
of the magnetic moment is defined by  
2π
Ihγ
μ                         (3.1) 
where h is the Plank constant (6.626  10-34 J s) and  is the gyromagnetic ratio, which 
is a constant for a specific nucleus. As  increases, so does the magnetic moment, in 
accordance with Equation 3.1.
3
 
Hydrogen is the simplest atom, consisting of only one proton in the nucleus, and has  
a nuclear spin of 1/2. Magnetic moments of hydrogen nuclei are randomly oriented and 
there is no difference in energy between the spin states in the absence of an external 
magnetic field. Under the influence of the external field (B0), there are two possible 
orientations for the magnetic moment of a hydrogen nucleus (i.e. parallel or anti-parallel 
to the applied magnetic field) as two values of quantum numbers are permitted (i.e. m = 
1/2 and m = -1/2). m = 1/2 represents a lower energy level whereas m = -1/2 
corresponds to a higher energy level in which its magnetic moment aligns anti-parallel 
to the applied field. The splitting of nuclear spin states into specific groups is known as 
‘the Zeeman effect’. If the z-axis is assigned as the direction in which the external field 
is applied, the magnetic moments aligned parallel to the applied field are on the + z-axis 
whereas the anti-parallel magnetic moments are aligned in the opposite direction  
(- z-axis), as illustrated in Figure 3.1. As the orientation in the lower energy level is 
more favorable than that in the higher energy level, there is a slightly higher population 
of magnetic moments on the + z-axis than the - z-axis.
1,3
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Figure 3.1 Two possible orientations of the magnetic moments () of hydrogen nuclei  
in the presence of an external applied field (B0). z-axis represents the direction of  
an applied magnetic field. 
In the presence of an external magnetic field, a hydrogen nucleus not only spins on its 
own axis, but its axis also undergoes rotation around the applied field axis. This motion 
is called precession and it occurs at an angular frequency (ω), known as the ‘Larmor 
frequency’. Thus, the magnetic moment generated by a rotating nucleus does not 
actually align directly parallel to + z-axis or – z-axis. The angular frequency is directly 
proportional to the strength of external magnetic field (Bo) and the gyromagnetic ratio as 
follows 
oB             (3.2) 
This means that the larger magnetic field strength, the higher is the angular frequency.  
The relationship between the angular frequency and frequency, v, is described by 



2
           (3.3) 
 
 
 
 
B0 
 
m = +1/2 
 
m = -1/2 
 
z-axis z-axis 
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The angular frequency can also be expressed in terms of the energy separation, E, 
between the two energy levels as 





22
oBhhhE                (3.4) 
Thus, the energy difference between the two energy levels increases as the strength of 
external field increases (see Figure 3.2), in accordance with Equation 3.4.
1
 
 
Figure 3.2 The energy difference between spin states for a hydrogen nucleus in the 
presence of an external applied field.
1,4
 
The magnetization (M), which is the sum of all the individual magnetic moments,  
is measured in NMR experiments. As previously stated, the population of nuclei with 
magnetic moment = +1/2 (oriented with the magnetic field along the + z-axis) is slightly 
in excess of those with magnetic moment = -1/2, so that the resulting magnetization is 
aligned along the + z-axis and can be represented by Mz. A rotating coordinate system 
(x, y and z) is employed to describe the magnetization as illustrated in Figure 3.3a.  
As a result, there is no magnetization along x- (Mx) and y-axes (My) at equilibrium in  
a stationary magnetic field B0, which mean Mx = My = 0.
1
  
 
E 
 
B0 
 
E 
 
E2 
 
E1 
 m = +1/2 
 
m = -1/2 
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Figure 3.3 Rotation of magnetization induced by a radio frequency pulse (B1):  
(a) magnetization at equilibrium in the presence of magnetic field B0 (without the 
application of the B1field), (b) application of the B1 at 30°, and application of the B1 at 
90°. The boldface arrows represent the magnetization (pointing along the z-axis) and the 
direction of the applied B1 (pointing along the x-axis).
1
 
When a short pulse (s) of a radio frequency (RF), called B1, is applied perpendicular to 
the static magnetic field (on the z-axis), the magnetization will be pushed toward  
a plane perpendicular to the applied B1. If B1 is applied along the x-axis, the 
magnetization on the z-axis will rotate toward the y-axis (see Figure 3.3b). The rotation 
of magnetization at a 30° angle relative to the z-axis might be obtained by a short RF 
pulse. An increase in the duration of the applied RF pulse leads to an increase in the 
angle  of the rotation (e.g. a 90° angle, see Figure 3.3c). The transition of nuclei 
between the two energy states (either energy absorption or emission) occurs when the 
B1 frequency matches the difference in energy between the two energy levels (E), 
generating the magnetization along the y-axis. The magnetization along the y-axis can 
return to the equilibrium condition (My = 0) in a process called ‘spin-spin relaxation’ 
before another pulse is applied. If My is monitored as a function of time at the resonance 
frequency, the decay in My can be observed and called ‘a free induction decay (FID)’. 
B1 
M 
x 
y 
z 
(a) 
B0 
 
B1 
x 
z 
(b) 
 = 30° 
 
x 
y 
z 
(c) 
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FID signals obtained from a number of transient pulses are accumulated and then 
converted into a NMR spectrum using a Fourier transformation.
1
 
3.1.1.1 Chemical Shift1 
Proton nuclear magnetic resonance (
1
H NMR) is a powerful technique which can 
provide structural information of chemical compounds. Hydrogen nuclei are surrounded 
by electrons which are subatomic particles carrying negative charges. Electrons are 
made to circulate within their orbitials in the presence of an applied field, leading to the 
generation of a magnetic moment or ‘an induced magnetic field’. However, the induced 
magnetic field generated by the electron is opposed to the applied filed, thereby 
shielding the hydrogen nuclei from the applied field. This phenomenon creates the 
difference between the field at hydrogen nuclei (Blocal) and the applied field (Bo) known 
as ‘shielding’. The value of electronic shielding () is typically positive and the actual 
field which nuclei experience can be expressed as  
)1(0local  BB             (3.5) 
The differences in electron density close to the hydrogen nuclei give rise to a difference 
in magnetic environments surrounding the nuclei. This causes an alteration in the 
resonant frequencies of the different hydrogen nuclei due to differences in shielding. 
The relationship between the resonant frequency and the electronic shielding can be 
expressed as 



2
)1( 

B
            (3.6) 
A higher resonant frequency should be observed as shielding decreases in a constant 
magnetic field, which corresponds to a decrease in the electron density around the 
hydrogen nucleus. Thus, the presence of an electron-withdrawing group (EWG) in  
a molecule causes the hydrogen nucleus to resonate at a higher frequency. For instance, 
the hydrogen nuclei in fluoromethane (CH3F) undergo resonance at a higher frequency 
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than those in methane (CH4). This is because the electrons around hydrogen nuclei in 
CH3F are withdrawn by the fluorine atom and, hence, the hydrogen nuclei in CH3F are 
less shieldied than those in CH4.  
In contrast, a molecule with a highly-shielded hydrogen nucleus is expected to resonate 
at a very low frequency, like tetramethylsilane, (CH3)4Si (TMS). All hydrogen atoms in 
TMS experience the same chemical environment and, additionally, silicon has a value 
of electronegativity (1.8) much lower than that of carbon (2.5).
2
 Thus, the electron 
density around hydrogen nuclei in TMS is expected to relatively high. TMS is 
commonly used as a reference standard since the resonant frequency of a substance (i) 
is typically measured with respect to that of reference (r) in NMR spectroscopy.  
The resonant frequencies of the substance and reference can be defined as 



2
)1( io
i


B
                       (3.7) 



2
)1(o
r
rB                       (3.8) 
where i and r represent the electronic shielding in the substance and reference, 
respectively. Hence, the difference between the resonant frequencies of the substance 
and reference () can be written as 





22
)( oiro
ri




BB
                (3.9) 
According to Equation 3.9, the frequency at which the resonance of a hydrogen nucleus 
occurs depends on the strength of an external magnetic field. This means that  
a hydrogen nucleus experiencing the same chemical environment will resonate at 
different frequency if it is measured on a NMR machine with a different magnetic 
field.
2
 Therefore, the parameter ‘chemical shift’ is used to express the shielding of a 
nucleus caused by surrounding electrons without being dependent on the magnetic field 
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strength. The chemical shift is a ratio of  to r (i.e. Equation 3.9 divides by Equation 
3.8 giving Equation 3.10) and denoted by . A value of  is relatively small (in units 
of Hz) whereas r is typically in units of MHz. Chemical shifts of nuclei are therefore 
reported in units of Hz/MHz or parts per million (ppm) of the resonant frequency and 
the TMS signal is assigned to a chemical shift of 0 ppm. 
)1(
)(
δ
r
ir
r 







      (3.10) 
Since the value of reference shielding (r) is assumed to be much less than 1, Equation 
3.10 can be in rewritten as 
ir
r
δ 




      (3.11) 
Thus, chemical shift can be defined as a difference between the electronic shielding in 
the substance and reference, in accordance with Equation 3.11. A decrease in a value of 
i, corresponding to a low density of electrons around hydrogen nucleus, results in an 
increase in chemical shift or a resonant frequency. A shift of  towards a higher 
frequency is typically observed when EWG is present in a molecule, causing the 
withdrawal of electron density from the hydrogen nucleus. Hence, the electron density 
around the hydrogen nucleus is a main parameter in determining chemical shift.  
A typical spectrum of chemical shifts in NMR is shown in Figure 3.4 and a list of 
chemical shifts under different environments is given in Table 3.1. 
 
Figure 3.4 Typical chemical shift in NMR spectrum.
1
 
Low shielding                      High shielding 
High frequency Low frequency 
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Table 3.1 
1
H chemical shift in different chemical environments.
1,5
 
Type of hydrogen  Chemical shift () 
Reference Si(CH3)4 0 
 
Alkyl (primary) 
 
0.7-1.6 
 
Alkyl (secondary) 
 
1.2-1.6 
 
Alkyl (tertiary) 
 
 
1.4-1.8 
 
Allylic 
 
 
1.6-2.2 
Methyl ketone 
 
 
2.0-2.4 
Aromatic methyl  
 
2.4-2.7 
Alkynyl  2.5-3.0 
 
Alkyl halide 
 
 
2.5-4.0 
Alcohol 
 
 
2.5-5.0 
Ethers 
 
 
3.3-4.5 
  4.5-6.5 
Aryl  6.5-8.0 
 
Aldehyde 
 
 
9.7-10.0 
Carboxylic acid 
 
11.0-12.0 
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3.1.1.2 NMR Method 
1
H NMR spectroscopy was used to identify the structure of alkoxyamine, Styryl-
TITNO, in this work. NMR experiments were carried out on a Bruker Avance III 400 
MHz spectrometer at ambient temperature, using a pulse angle of 30°, a pulse length of  
8 s, and 16 transients. Proton chemical shifts were determined with respect to TMS as  
a reference compound. Solutions for 
1
H NMR analysis were prepared by dissolving the 
sample in  1 ml of deuterated chloroform (CDCl3) to give a concentration of  10 mg 
ml
-1
. MestRe-C software (Magnetic Resonance Companion NMR Data Processing, 
Version 3.5.1.7) was employed to Fourier transform the FID data. The NMR spectral 
data was analyzed using the resonance of CDCl3 (i.e. 7.26 ppm) as the internal standard. 
 
3.1.2 Electron Paramagnetic Resonance (EPR) 
The basis of electron paramagnetic resonance relies on the interaction of the magnetic 
moment of an unpaired electron with an applied magnetic field. EPR is widely used for 
studying the electronic structure of paramagnetic compounds (i.e. those containing 
unpaired electrons), mainly associated with free radicals and complexes of transition 
metal ions.
6
 
The magnetic moment () of unpaired electrons mainly arises from their spin angular 
momentum (Ŝ)6 since the electrons are believed to be spinning objects carrying negative 
charges. A single electron has a spin quantum number (S) of 1/2
7,8
 and the numbers  of 
spin orientations is equal to 2 (i.e. defined by 2S+1). A magnetic quantum number (ms) 
for an electron is equal to 1/2 as ms = S, S-1, …-S.  
Hence, electronic spin can align in two possible directions with different energy levels 
(i.e. the higher and lower energy levels) when the unpaired electrons are subjected to  
a static external field (B0), as presented in Figure 3.5. The electrons in the lower energy 
level are oriented parallel to the applied field with ms = -1/2. The other group 
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corresponds to the higher energy level which aligns anti-parallel to the field direction 
with ms = +1/2. The difference in energy between the higher and lower levels can be 
defined as 
0BghE Be       (3.12) 
where h is the Plank constant,  is the frequency of electromagnetic radiation, ge is the  
g factor of the electron (0.0023), B is a constant, called the Bohr magneton, and B0 is 
the strength of magnetic field.
6-8
  
 
Figure 3.5 Two spin states of an unpaired electron in the presence of an applied 
magnetic field. 
EPR experiments are typically performed by holding the frequency of radiation fixed 
and varying the magnetic field strength. The microwave X-band is a common frequency 
used for EPR which has a wavelength () in the range of 3.0-3.3 cm and frequency () 
in the range of 9-10 GHz.
9
 Transitions between the two energy levels can be induced by 
varying the magnetic field strength at an appropriate microwave frequency. When the 
radiation energy (h) is equal to the energy separation (E) of two energy levels, the 
transition occurs.
6,7
 A strength of magnetic field in the range of 3400-3500 G  
(i.e. G = 10
-4
T) is typically required for the resonance of an unpaired electron.
7,9,10
 The 
unpaired electrons in the lower energy level can be excited to the higher energy state by 
the absorption of electromagnetic energy whereas the higher level electrons can move to 
E 
 
B0 
 
E = hv = geBB0 
 
E2 
 
E1 
 m = -1/2 
 
m = +1/2 
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the lower energy state by emitting the energy, so called induced emission.
8
 The 
population of the unpaired electrons in the lower energy level is always higher than that 
in the higher level. Thus, the difference between the number of photons absorbed and 
emitted by electrons can then be detected and is called net absorption.
8,9
 
The g factor and hyperfine coupling constant (aN) are typical parameters of EPR 
spectra.The g factor provides information about paramagnetic centres as the g-factor of 
organic radicals is only slightly different from the free electron value (2.0023), as 
shown in Table 3.2. Hence, a free radical located on a heteroatom (e.g. oxygen or 
nitrogen) can be distinguished from the paramagnetic species of carbon-centred 
radicals.
11
  
Table 3.2 g factors of carbon- and oxygen-centred radicals.
11
 
Radical centre g factor 
CH3
 2.0026 
C2H5
  2.0026 
CH2=CH
  2.0022 
CH2=CH-CH
 2.0025 
CH2=RC-O
 2.0045 
R2N-O
  2.005-2.009 
 
If a frequency giving rise to resonance is known, the g-factor can be determined by  
the accurate measurement of the magnetic field strength in accordance with the equation 
Bghv Be . The g factor is usually determined in comparison with a reference sample, 
for which the value of g is accurately known (e.g. solid diphenylpicryl-hydrazyl 
(DPPH), a known g value of 2.0037  0.0002), as follows6  
std
std
std sample
stdsample g
B
BB
gg

     (3.13) 
where gsample and gstd are the g factors of the sample and the standard, respectively, and 
Bstd and Bsample are the strength of magnetic field at which the resonance of the standard 
and the sample occur, respectively.
6
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The interaction between the magnetic moments of an electron and a nucleus with a spin 
angular momentum is called the hyperfine interaction. The hyperfine interaction results 
in a splitting of the resonance know as hyperfine splitting. The number of hyperfine 
lines in the EPR spectrum is defined by (2nI+1) where n is the number of equivalent 
nuclei and I is the spin quantum number of magnetic nucleus.
7
  
Nitroxides are paramagnetic species containing one unpaired electron localized to the 
N-O bond and, therefore, can be analysed by EPR spectroscopy. In the current work, 
EPR was used to determine the dissociation rate coefficient (kd) of Styryl-TITNO at 
different temperatures (in the range 70-100 °C). The concentration of nitroxide TITNO

 
generated by the dissociation of Styryl-TITNO was measured as a function of time. 
 
3.1.2.1 EPR Method 
All measurements were carried out on a Bruker EMX spectrometer operating with  
an X-band high Q cavity, using a conventional field-sweep mode. The EPR experiments 
were performed with the frequency fixed at 9.5 GHz, centre field of 3392 G, sweep 
width of 120 G, modulation frequency of 100 kHz, modulation amplitude of 2.50 G, 
time conversion of 40.96 ms, and time constant of 20.48 ms. The magnetic field was 
calibrated using a Bruker strong pitch standard (g = 2.0028). Temperature was 
controlled by a Bruker ER4131 variable temperature unit. The concentrations of 
nitroxide were determined by double integration of the EPR spectra and data were 
calibrated with stock solutions of the stable nitroxide radical TEMPO (98% purification, 
supplied by Sigma-Aldrich) measured in xylene. Fresh solutions of  0.1 mM Styryl-
TITNO in xylene were used for time dependent measurements.  
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3.1.3 Gel Permeation Chromatography (GPC) 
Gel permeation chromatography is a technique generally used for determining number-
average molecular weight (Mn), weight-average molecular weight (Mw), and molar mass 
dispersity (ÐM).
12
 GPC is based on the separation of polymers according to their 
hydrodynamic volume (Vh) in solution, which will be described in more detail in 
Section 3.1.3.1. The separation takes place in a column which is firmly packed with 
polymer-based gels or porous silica materials and filled with solvent. Highly cross-
linked polystyrene gels (e.g. styrene-divinylbenzene copolymers, PS-DVB) are typically 
used as packing materials for organic GPC columns.
13
 
The process is started by pumping a continuous flow of solvent through the column as  
a mobile phase. A sample is dissolved in an appropriate solvent to form a solution that 
is injected into the solvent flow stream ahead of the column. As the mobile phase 
progresses through the system, it sweeps the sample along the column. Small molecules 
can diffuse back and forth between the inside and outside of the pores in the stationary 
phases as they pass through the column.
14
 In contrast, the larger ones are too large to 
penetrate the pores so that they are excluded. Thus, the larger molecules are swept out 
of the column faster than the smaller ones (see Figure 3.6). This results in the separation 
of polymer molecules with different molecular size in a solution and Mn, Mw, and ÐM 
can be determined with appropriate calibration.
12,13,15
 
The volume of solvent that must flow through the system for each molecule to elute 
from the column is called its retention volume (VR). Since the column is packed with 
porous materials, the volume of the column can be divided into two parts. The first part 
is the interstitial or void volume (V0) which corresponds to the volume of mobile phase 
located between the packing particles plus the dead volume associated with piping, etc. 
The other part is the pore volume of the packing (Vi). Hence, total column volume (Vt) 
is then equal to the sum of Vo and Vi (i.e. Vt = Vo + Vi).
12,13
 
 
Chapter 3                                         Characterization Techniques and Synthesis of Styryl-TITNO 
119 
 
 
(D) (C) (B) (A) 
Concentration  
detector 
Sample  
mixture 
Solvent  
flow 
(A) Sample  
injected 
(D) Small solutes 
    eluted 
(B) Size  
separation 
(C) Large solutes 
    eluted 
Porous 
packing 
Elution volume 
Injection 
 
Figure 3.6 Separation by molecular size in a GPC column.
12
 
If the size of molecules is large relative to that of the pore size, they are thought to be 
completely excluded from the pores. Hence, their VR can be considered to be equal to 
Vo. In contrast, small molecules can freely move back and forth into and out of the pores 
of the stationary phase and, thereby, their VR is assumed to be equal to Vt.  The retention 
volume of a solute separated by GPC can be expressed by
12,13
 
iGPCoR VKVV       (3.14) 
where KGPC  is the GPC-distribution coefficient and can be defined as the ratio of the 
average concentration of solute molecules in the stationary phase ci to that in the 
mobile phase c0 as follows 
o
c
c
K iGPC      (3.15) 
The value of KGPC ranges between 0 and 1 and decreases with increasing molecular size. 
If the molecules of solute are too large to diffuse into the pores of the stationary phase, 
KGPC is assumed to be equal to 0 since a value of ci should be close to 0. Thus, VR is 
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equal to V0 in accordance with Equation 3.14. In contrast, if KGPC is equal to 1,  
it implies that the solute size is small enough to penetrate into all the pores in the 
column and, thereby, elution occurs when VR is equal to Vt. As a result, no separation 
occurs if the values of KGPC are equal to either 0 or 1.
12,13
 
 
When solute molecules enter smaller pores, their conformational degree of freedom is 
limited, resulting in a decrease in the conformation entropy (S). The GPC separation 
depends mainly on a decrease in entropy (i.e. a value of S is negative). Additionally, it 
is assumed that there are no interactions between the solute molecules and the stationary 
phase. Thus, there is no change in enthalpy (i.e. H  0) when the solute molecules are 
transferred from the void volume into the pore volume of the packing material. The 
relationship between KGPC and the standard free energy change (G) can be expressed 
by
12,13
 
GPCIn KRTG 
     (3.16) 
which rearranges to 
)/(expGPC RTGK
     (3.17) 
Given the standard thermodynamic relation, 
 STHG       (3.18) 
and assuming that H = 0, then 
)/(expGPC RSK
      (3.19) 
where R is the gas constant and T is the absolute temperature. ΔHº and ΔS
º
 are enthalpy 
and entropy differences between the phases, respectively. 
As solute molecules permeate into the pores, their mobility is limited, resulting in  
a decrease in entropy. Since the value of ΔSº is negative, the possible values of KGPC 
consequently range between 0 and 1 which lead to the separation of solute molecules 
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with different molecular sizes in a GPC column. The value of KGPC will approach 0 
when the negative value of ΔSº becomes relatively large (i.e. ΔSº<< 0).13  
  
3.1.3.1 Hydrodynamic volume 
Most polymer molecules with flexible backbones tend to adopt a random coil 
conformation.
16
 Polymer coils in solution can be either swollen or contracted in size 
depending on solvent and temperature. The size of polymer coils or ‘molecular size’ 
tends to increase in good solvents and contract in poor solvents
13
. If a polymer is 
dissolved in a good solvent, a significant change in temperature has a small effect on the 
molecular size.
12
 
Two parameters commonly used to express the molecular size in solution are the root-
mean-square (RMS) end-to-end distance r21/2 and the RMS radius of gyration s21/2.  
r21/2 can only be used to  calculate the dimensions of linear chain molecules while 
s21/2 can also be used to define the dimensions of molecules with more than two chain 
ends (i.e. branched molecules) and molecules with no chain end (i.e. cyclic chains). The 
relationship between r21/2 and s21/2 for linear Gaussian chains is given by16 
2/1
2/1
2
2/1
2 6/rs      (3.20) 
Intrinsic viscosity ([]), which can be measured experimentally by solution viscosity 
measurements, is used for explaining the relationship between the molecular weight (M) 
and the molecular size as follows
17
 
A
h
][
5
2
N
M
V







     (3.21) 
where Vh is the hydrodynamic volume of an impermeable polymer molecule and NA is 
the Avogado constant. 
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 If Vh is assumed to be proportional to ( s
20
1/2
)
3
, Equation 3.21 can be simplified as 
  2/3
0
23
0 sM
s
      (3.22) 
where 0
s
 is a constant and  is the expansion parameter for the hydrodynamic chain 
dimensions.
17
 
Equations 3.21 and 3.22 indicate that []M is directly proportional to Vh or ( s
2)3, 
which is a main parameter for the determination of Mn, Mw, and ÐM by GPC. 
 
3.1.3.2 GPC method 
The GPC system used was equipped with Phenogel columns of 500, 5104 and 5106 Å 
in series and connected with a Shodex RI-101 differential refractometer. All GPC 
experiments were conducted at room temperature, using tetrahydrofuran (THF) as the 
carrier solvent with a flow rate of 1 ml min
-1
. A GPC calibration curve was constructed 
with polystyrene standards supplied by Polymer Laboratories, using diphenyl ether 
(DPE) as the flow-rate marker.  A series of mixed polystyrene standards in THF 
solutions (see details in Table 3.3) were prepared and analyzed. The relationship 
between the retention volume and peak molecular weight (Mp) was obtained and used to 
construct a polystyrene calibration curve, as shown in Figure 3.7. A sample solution  
( 0.2% w/v) was dissolved in THF for 24 h under magnetic stirring at room 
temperature. The solution was filtered through a 0.2 m pore size Millipore filter and 
0.5 ml of the solution was then injected by hypodermic syringe into a sample injection 
valve. Data was collected and analyzed using PSS Win GPC Software, Unity version. 
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Table 3.3 Polystyrene standard solutions used for creating the polystyrene calibration 
curve. 
Polystyrene 
standard solution 
Peak molecular weight  
(Mp) 
Concentration / % 
w/v 
Elution 
volume / ml 
1 860,000 0.2 18.81 
 170,000 0.2 21.13 
 2,100 0.2 28.98 
2 411,000 0.2 19.71 
 53,900 0.2 23.33 
 4,000 0.2 28.11 
3 498,000 0.2 19.40 
 68,000 0.2 22.69 
 7,600 0.2 26.74 
4 670,000 0.2 19.10 
 115,000 0.2 21.63 
 12,500 0.2 25.78 
 600 0.2 30.88 
5 1,800,000 0.1 17.98 
6 2,950,000 0.1 17.71 
7 7,700,000 0.1 16.96 
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Figure 3.7 Calibration curve for GPC using polystyrene standards. 
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3.1.4 Gas-Liquid Chromatography (GLC) 
Gas-liquid chromatography is a chromatography technique in which an inert gas is used 
as a mobile phase to separate volatile compounds from a liquid stationary phase. 
Helium and nitrogen are typically used as a carrier gas and the flow rate of the carrier 
gas is normally kept constant throughout the analysis.
18,19
 
The stationary phase is a high-boiling liquid which is coated onto a solid. Two main 
types of columns are generally used (i.e. packed and capillary columns). Packed 
columns are typically stainless steel tubes packed with porous solid supports (e.g. 
diatomaceous earth) and each solid support is coated with the stationary liquid phase 
(e.g. silicones and polyglycols).
18
  Most packed columns have a length of 1.5 to 10 m 
with an internal diameter of  2 to 4 mm.
19
 The capillary columns are more generally 
used than packed columns in GLC. They have a smaller internal diameter and a longer 
in length than the packed columns (i.e. about 25 m in diameter and 25-100 m in 
length).
18,19
 The most widely used capillary columns are Fused Silica Open Tubular 
(FSOT) columns, which are made of a fused-silica tube whose inner surface is coated 
with a thin film of the liquid stationary phase. The outer wall of FSOT column is 
normally coated with polyimide to give strength and flexibility (see Figure 3.8).
18
 
 
 
Polyimide coating 
Fused silica tube,  
~ 0.1-0.5 mm internal diameter 
Chemically bonded liquid 
stationary phase 
 
Figure 3.8 Structure of a fused silica capillary column.
19
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Once a sample is injected into a heated injection port, it is vaporized and swept through  
the column by the flow of carrier gas. As a mixture of carrier gas and vaporized sample 
travels through the column, they can partition into the liquid stationary phases coated on 
the walls of the column. Each sample component not only has different chemical and 
physical properties, but it also has different interaction with the liquid stationary phase. 
This leads to the difference in ability to partition into the stationary and mobile phases 
of each component and, thereby, the difference in retention time. The retention time is 
the time taken by a component to reach the detector at the end of the column.
18
 The 
greater the ability of a component to partition into the liquid stationary phase, the longer 
the retention time.
19
 This phenomenon results in the separation process of sample 
components in the column. After the sample components exit the column, they are 
detected, the most common of which is the flame ionization detector (FID).
19
  
 
3.1.4.1 GLC Method 
In quantitative analysis, GLC can be applied to measure monomer conversion or 
copolymer composition by the determination of unreacted monomer. The concentration 
of monomer which has been consumed can then be calculated. 
The internal standard method is widely used to determine residual monomer by adding 
known amount of an internal standard to a sample. The area under a GLC peak can be 
calculated using the following equation 
vcKA iii       (3.23) 
where Ai and Ki are the peak area and the response factor of the internal standard, 
respectively,  ci is the concentration of the internal standard and v is the injected volume 
of solution.  
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The area under the sample peak can also be expressed by  
vcKA sss       (3.24) 
where As and Ks are the peak area and the response factor of the sample, respectively, 
and cs is the sample concentration.  
As the internal standard is mixed with the sample, the injected solution volume (v) is the 
same for both the internal standard and the sample. The concentration of residual 
monomer can be calculated by dividing equation 3.24 by equation 3.23 as follows 
s
i
i
i
s
s
K
K
c
A
A
c       (3.25) 
The ratio between response factors of the internal standard and the sample  
(i.e. Ki/Ks = Rf) can be obtained by plotting Ai/As against ci/cs for calibration solutions, as 
shown in the following equation  
s
i
f
s
i
c
c
R
A
A
      (3.26) 
Solutions of known concentrations of n-butyl acrylate (BA), styrene, and 
dimethylacetamide (Dmac, the internal standard) in methanol were prepared and 
analyzed by GLC for the corresponding peak area produced by BA, styrene, and Dmac. 
The data obtained were used to construct the plots of Ai/As against ci/cs, as shown in 
Figure 3.9 for the plot of ADmac/ABA against cDmac/cBA, and Figure 3.10 for the plot of 
ADmac/AStyrene against cDmac/cStyrene. The slope of the corresponding plot is equal to Rf, 
which enable the concentration of monomer in a methanol solution containing known 
amount of the internal standard to be calculated, according to Equation 3.26. The values 
of Rf for the solutions of BA and styrene in methanol using Dmac as the internal 
standard were 0.63 and 0.41, respectively. 
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A Perkin-Elmer Clarus 500 instrument equipped with a Hewlett-Packard HP-FFAP 
column (10 m  0.532 mm  1.00 m) was used to determine monomer conversion in 
solution polymerizations. Helium was used as the carrier gas with a flow rate of 30 ml 
min
-1
 with an inlet pressure of 80 psi. A flame ionization detector (250 C) was used 
with hydrogen as the combustion gas. A fresh 2% (w/w) solution of Dmac in methanol 
was prepared and the accurate concentration of the resulting solution was calculated 
(four significant figures). A polymer solution of known weight ( 50 mg) was then 
precipitated in the known weight solution of Dmac in methanol ( 10 g). The mixture 
was stirred with a magnetic bar for 1 h before being filtered with 0.2 m pore size 
Millipore filter. The resulting solution of 1 l was injected into a heated injection port 
(90 C) with a microsyringe for analysis. 
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Figure 3.9 Plot of ADmac/ABA against cDmac/cBA for BA in methanol using Dmac as the 
internal standard. 
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Figure 3.10 Plot of ADmac/AStyrene against cDmac/cStyrene for styrene in methanol using 
Dmac as the internal standard. 
 
3.1.5 Photon correlation spectroscopy (PCS) 
Photon correlation spectroscopy is a dynamic light scattering technique which can be 
used for the measurement of average particle size and particle size distribution in 
colloidal dispersions. If dispersed particles are irradiated by monochromatic light, the 
light is scattered by the dispersed particles. The light scattered by the particles should 
have the same wavelength and, thereby, frequency as the incident light. However, the 
dispersed particles in a liquid medium are known to undergo Brownian motion due to 
random collisions with molecules of surrounding medium. Hence, the intensity of light 
scatted by the dispersed particles will fluctuate with time, which provides information 
relating to the diffusional motion of the dispersed particles in the medium.
17,20,21
 
Laser light is used as the light source for PCS and highly sensitive photomultiplier or 
photodiode detectors with a very small aperture are used to record the real-time 
intensity fluctuation over a short time interval (normally in the range 50 s to about 1 
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min).  The total numbers of scattered photons arriving at the detector in a particular time 
period are counted. The sample time (t) is defined as the time interval between 
successive photon countings (normally 1 s to 1 ms). The separation in time between 
particular photon countings is called the correlation time (). If a value of  is only a few 
multiples of t (i.e. one, two or three), the corresponding photon counts is likely to be 
correlated.
17
 
A correlator is used to construct the autocorrelation function, G
(2)
(), of the scattered 
intensity (i), which  can be expressed by Equation 3.27 for a particular value of . 
Photon pulses are generated by the correlator and the number of photons arriving at a 
detector during a particular t is recorded (see Figure 3.11).22 The measurements are 
conducted at a series of values of . The values of  is determined by the number of 
channels (Nc) in the correlator, which they can varied from 0, t, 2t, 3t…… Nct.
17
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lim)(G tτtiti     (3.27) 
 
Figure 3.11 Photon pulses generated by a correlator. The rectangular bars represent  
a number of pulses (n) appearing during a sample time (t).22 
The values of G
(2)
() are normalized to give a normalized intensity autocorrelation 
g
(2)
(), which decreases as the correlation time  increases. The normalized intensity 
autocorrelation g
(2)
() can be related to the electric field correlation function g(1)() via 
the Siegert relationship as follows  
Time 
t 
n0 = 1 n1 = 1 n2 = 3 n3 = 0 n4 = 2 n5 = 0 n6 = 1 
Chapter 3                                         Characterization Techniques and Synthesis of Styryl-TITNO 
130 
 
2
)1()2( )()(  gBAg      (3.28) 
where A and B are constants for a given system.
17
 
When there is a distribution of particle sizes, the exponential decay of g
(1)
() in 
Brownian motion can be defined by a weighted sum of exponentials as follows 
)exp()()1(  ppCg      (3.29) 
where Cp is the fractional weighting factor and p is the characteristic decay rate for  
species p. The characteristic decay rate  can be linked to the z-average translational 
diffusion coefficient ( zD ) via
17
 
zDq
2      (3.30) 
where   is the average of characteristic decay rates given by ppC   and q is the 
scattering vector and can be defined by 

 )2/sin(4 0nq       (3.31) 
where n0 is the refractive index of the solvent,  is a scattering angle and  is  
a wavelength of the laser. 
17,20 
The diffusion coefficient Dz, determined by PCS, can be related to the z-average 
hydrodynamic radius (Rh) using Stokes-Einstein relation given by 
zh
R
kT
D
1
6 0
      (3.32) 
where k is the Boltzmann constant, T is the temperature, 0 is the viscosity of the pure 
solvent and hR/1 is the z-average of 1/Rh.
17
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3.1.5.1 PCS Method 
The z-average particle diameter of miniemulsion droplets and polymer particles was 
determined by photon correlation spectroscopy (PCS) using a Brookhaven light 
scattering instrument equipped with a 20 mW HeNe laser (632.8 nm) and a BI-9000AT 
digital correlator. A sample contained in a glass cuvette was diluted with deionised 
water, which had been filtered through a 0.22 m filter, to meet the required frequency 
count for a PSC measurement (i.e. between 50 to 150 kcounts s
-1
). The measurements 
were carried out at 25±0.1 °C and 90° scattering angle for a period of 60 s. A minimum 
of twenty measurements were carried out on each sample and the average of the mean  
z-average particle diameter was reported. 
 
3.1.6 Ultraviolet and Visible Light Absorption Spectroscopy (UV-vis) 
Electrons can be promoted from the highest occupied bonding molecular orbital 
(HOMO) to the lowest unoccupied bonding molecular orbital (LUMO) by absorbing 
energy. The energy required for the electronic transition to occur is equal to the energy 
difference between the HOMO to LUMO. 

ch
hvE       (3.33) 
where h is the Planck’s constant,  and  are the frequency and wavelength of radiation, 
respectively, and c is the velocity of light (2.998  108 m s-1).2,17 
The electronic transitions of electrons in -bonds (  * transitions) can be studied in 
UV-vis spectroscopy and are normally observed  in both the near/middle-UV regions 
(200 nm <  < 400 nm) and the visible region (400 nm <  < 700 nm).17 However, in 
this work the interest is in the transitions of non-bonding lone-pair electron on the 
nitroxide oxygen atom to an antibonding N-O  system (n  * transitions), which 
typically absorbs radiation in the visible regions (see Figure 3.12). 
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Figure 3.12 The electronic transitions of electrons in , , and n-orbitals from the 
ground state to a higher energy orbital by absorbing  energy. 
The amount of radiation absorbed by a chemical species can be determined using the 
Beer-Lambert Law as follows 
cA       (3.34) 
where A is the absorbance,   is the molar absorptivity which is a constant for  
a particular species, c is the molar concentration of an absorbing species, and   is the 
path length of the sample cell.
17,23
 
When the incident radiation passes through a cell containing absorbing species, the 
intensity of the incident radiation (I0) reduces to I because the radiation is absorbed by 
the absorbing species. The ratio between the transmitted radiation I and the incident 
radiation I0 is known as the transmittance (T).
17,23
 
0I
I
T       (3.35) 
The relationship between A and T can be expressed as 








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0
loglog
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I
TA      (3.36) 
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Non-bonding n-orbital 
Anti-bonding -orbital (*) 
Chapter 3                                         Characterization Techniques and Synthesis of Styryl-TITNO 
133 
 
3.1.6.1 UV method 
A Cecil CE2020 UV/visible spectrophotometer was used to determine the concentration 
of nitroxide TITNO

 dissolved in n-butyl acrylate (BA). Different concentrations of 
TITNO

 solution in BA were prepared (in the range from 1.46  10-1 to 1.02  10-3 M). 
The measurement was performed by scanning a wavelength range of 350 to 600 nm. A 
quartz cell of 1 cm path length was employed and BA was used a blank solution. The 
maximum absorbance (Amax) and the corresponding wavelength (max) were measured. 
The UV-vis spectrum of TITNO

 in BA showed Amax at max = 448 nm. A calibration 
curve of Amax against various concentrations of TITNO

 in BA was constructed  
(Figure 3.13). The slope of the corresponding plot gives the molar absorptivity  of 5.46 
L mol
-1
cm
-1
 for TITNO

  in BA. The absorbance of TITNO

 solution in BA can 
therefore be converted to a concentration using the relationship in Equation 3.34. 
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Figure 3.13 Calibration curve for UV absorbance of TITNO

  in BA at 448 nm. 
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3.2 Synthesis of 2,2’,5-Trimethyl -3-(1-Phenylethoxy)-4-tert-Butyl-3-Azahexane 
(Styryl-TITNO) 
TIPNO is one of the most promising -H-bearing nitroxides which has been used as  
a skeleton to synthesize a number of new hydrophobic nitroxides and alkoxyamines.  
The presence of a hydrogen atom on the -carbon relative to the nitrogen atom makes 
TIPNO less stable (see Figure 3.14), since it can undergo disproportionation to form 
nitrone and hydroxylamine, especially at high temperatures.
24,25
 The inherent instability 
of TIPNO is believed to be the key to success in TIPNO-mediated polymerizations 
because it reduces the level of excess nitroxide built-up caused by bimolecular 
terminations during the polymerization (previously described in Section 2.4.3). A novel 
alkoxyamine, Styryl-TITNO, was developed based on the skeleton of TIPNO with the 
aim of being able to control polymerizations at temperatures below 100 °C
26-28
.  
 
Figure 3.14 The structure of TITNO

 based on a modification of TIPNO skeleton. 
3.2.1 Materials 
With the exception of styrene, all reagents and solvents used for the synthesis of Styryl-
TITNO were used as received. Styrene was dried over anhydrous magnesium sulphate 
which was separated by filtration before further purification by distillation on  
a vacuum line prior to use. Merck thin layer chromatography (TLC) plates coated with 
silica gel 60 F254 (2.5 mm thick) were used for analytical TLC. Column chromatography 
was performed using silica gel 60 Å (6 – 35 ) supplied by Fluorochem Ltd.  The 
purities and suppliers of all chemicals used in the preparation of Styryl-TITNO are 
presented in Table 3.4. 
α α 
TIPNO TITNO 
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3.2.2 General Methods 
1
H and 
13
C
 
NMR spectra were recorded on a Bruker Avance III 400 MHz spectrometer 
for sample solutions in deuterated chloroform (CDCl3) with tetramethysilane (TMS) as 
a reference compound. High resolution accurate mass measurement was recorded on  
a Micromass Q-Tof micro
TM
, equipped with an electrospray ionization source and 
operated in positive mode. Accurate mass measurement was performed with external 
calibration, which was constructed with sodium formate. Carbon, hydrogen, nitrogen 
(CHN) analysis was performed on a Thermo Flash 2000 Elemental Analyser with an 
accuracy of  0.3%.  
Table 3.4 List of all chemicals used for the synthesis of Styryl-TITNO. 
Chemical Supplier Purity 
Monomer   
Styrene Sigma-Aldrich Co. Ltd 99% 
Solvent   
Hexane Sigma-Aldrich Co. Ltd 97% 
Dichloromethane Fisher Sciencetific 99% 
Ethyl acetate Fisher Sciencetific 99.5% 
Methanol Fisher Sciencetific 99.5% 
Ethanol  Fisher Sciencetific 99% 
Toluene Sigma-Aldrich Co. Ltd 99.7% 
Other chemicals   
tert-Butylamine Sigma-Aldrich Co. Ltd 98% 
Isobutyraldehyde Sigma-Aldrich Co. Ltd 98% 
tert-Butyllithium  Sigma-Aldrich Co. Ltd 1.7 M in 
pentane 
Ammonium chloride Sigma-Aldrich Co. Ltd 99.5% 
m-Chloroperbenzoic acid Sigma-Aldrich Co. Ltd 77% 
Magnesium sulphate  Sigma-Aldrich Co. Ltd 97% 
Sodium bicarbonate Sigma-Aldrich Co. Ltd 99.7% 
Jacobsen’s catalyst 
(R,R)-(−)-N,N′-Bis(3,5-di-tert-
butylsalicylidene)-1,2-
cyclohexane-
diaminomanganese(III) chloride 
Sigma-Aldrich Co. Ltd 98% 
Sodium hydroborate Sigma-Aldrich Co. Ltd 98% 
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3.2.3 Synthetic Strategy 
The synthetic pathway employed to synthesize TITNO

 in this work is shown in Figure 
3.15. The first stage is the preparation of N-tert-butyl-isobutylideneamine (3) from the 
reaction between tert-butylamine (1) and isobutyraldehyde (2). A tert-butyl group was  
then introduced to the resulting amine via a nucleophilic addition (4) to afford N-tert-
butyl-N-(1-isopropyl-2,2-dimethyl-propyl)-amine (5). Finally, the resulting amine was 
oxidized with m-chloroperbenzoic acid (6, m-CPBA) to generate the stable nitroxide 
radical TITNO

 (7). 
 
Figure 3.15 The synthetic route for the synthesis of TITNO

 and Styryl-TITNO where 
the stars (*) indicate sp
3
-hybridised stereogenic carbon atoms.  
Once TITNO
 
was successfully synthesized, it was converted to its styrene 
alkoxyamine, Styryl-TITNO (9). Two different methodologies can be employed to 
attach a styryl group to TITNO

. The first method is the oxidation of 1-phenethyl 
hydrazine with lead oxide (PbO2) in the presence of the nitroxide radical, as described 
by Braslau and co-workers.
29
 Another method is the use of Jacobsen’s catalyst to 
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generate a styryl radical from styrene or its derivatives in the presence of nitroxide 
radicals. This step is followed by the reduction of the resulting product with sodium 
borohydride to yield an alkoxyamine, as described by Dao and co-workers.
30
 The 
attachment of a styryl group to TITNO

  using Jacobsen's catalyst was employed in this 
work since the reaction could be conducted under mild conditions (i.e. at room 
temperature) and low levels of side products were formed during the reaction.
30
 Since 
Styryl-TITNO contains two stereogenic centres (see Figure 3.15), mixtures of two 
diastereoisomers should be obtained, as previously observed by Lagrille et al.
26
, 
Cameron and Lagrille
27
, and Cameron et al.
28
 who employed Styryl-TITNO as a 
mixture of two diastereoisomers in the work which formed the basis for the research 
reported in this thesis.  
 
3.2.4 General Procedure for the Synthesis of Styryl-TITNO  
The synthetic procedures of Styryl-TITNO, which consisted of four stages, are 
described below.  
3.2.4.1 N-tert-Butyl-Isobutylideneamine 
A three-necked round-bottomed flask containing isobutyraldehyde (5.02 g, 69.62 mmol) 
was purged with nitrogen at 0 
o
C in an ice/water bath for 10 min and tert-butylamine 
(5.59 g, 76.43 mmol) was then added drop-wise via a syringe. The mixture was heated 
to 35 
o
C in a preheated oil bath and reaction allowed to proceed with magnetic stirring 
for 3 h under an atmosphere of nitrogen.  
After the reaction was complete, the mixture was cooled naturally to room temperature 
and hexane ( 30 ml) was added into the mixture to extract the resulting product. 
The organic layer was separated from the water released by the reaction using  
a separating funnel and dried for 14-18 h over anhydrous calcium sulphate, which was 
then separated by filtration under water pump vacuum through a sintered glass funnel 
(No. 3). The solvent was then removed by evaporation at room temperature on a rotary 
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evaporator connected to a vacuum pump to yield colourless oil. The structure of the 
product was identified by 
1
H NMR, as presented in Figure 3.16. Yield: 88%, Molecular 
formula: C8H17N, Molecular weight: 127.227.  
1
H NMR (400 MHz, CDCl3,)  7.36 (1H, d, N=CH-CH, J = 7.0 Hz), 2.37 (1H, octuplet, 
CH(CH3)2), 1.14 (9H, s, NC(CH3)3), 1.01 (6H, d, CH(CH3)2, J = 7.0 Hz).  
  
Chemical 
shift 
Integral Ratio of integral Assignment 
1.01 195.65 6.85 a 
1.14 316.82 11.09 b 
2.37 32.78 1.14 c 
7.36 28.56 1.00 d 
 
Figure 3.16 
1
H NMR spectrum of N-tert-butyl-isobutylideneamine. The simplest ratio 
of integral and assignment of resonances to the structure are given above the spectrum. 
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3.2.4.2 N-tert-Butyl-N’-(1-Isopropyl-2,2-Dimethyl-Propyl)-Amine 
N-tert-Butyl-isobuylideneamine (2.02 g, 15.9 mmol) was first diluted with hexane  
(10 ml) in a three-necked round-bottomed flask which was fitted with a nitrogen inlet  
and a magnetic stirrer. The resulting mixture was then cooled to -78 
o
C in  
a methanol/Cardice bath. tert-Butyllithium in pentane (12 ml, 20.04 mmol) was then 
added drop-wise to the amine solution via a syringe over 20 min. 
After the addition was complete, the reaction was warmed to 0 
o
C and allowed to 
proceed at this temperature in an ice/water bath for 2.5 h under magnetic stirring. After 
this period, the mixture was quenched by addition of 20 ml of a concentrated 
ammonium chloride (NH4Cl) solution (10 g of NH4Cl in 50 ml of deionised water).  
The concentrated solution of NH4Cl was added drop-wise into the reaction while it was 
still kept at 0 
o
C. This was followed by the drop-wise addition of deionised water  
(10 ml) before the reaction was removed from the ice/water bath and allowed to warm 
naturally to room temperature. Hexane (30 ml) was added to the mixture to extract the 
resulting product. The hexane phase was collected by separation from the aqueous 
phase in a separation funnel. The remaining aqueous phase was then extracted with 
hexane (10 ml), the hexane phase again being collected. This procedure was then 
repeated one more time to give a total of three hexane extracts, which were combined 
and then dried for 14-18 h over anhydrous magnesium sulfate, which was then 
separated by filtration under water pump vacuum through a sintered glass funnel  
(No. 3). The solvent was finally removed at room temperature using a rotary evaporator 
connected to a vacuum pump. The structure of N-tert-butyl-N-(1-isopropyl-2,2-
dimethyl-propyl)-amine was identified by 
1
H NMR, as presented in Figure 3.17.  
Yield: 78%, Molecular formula: C12H27N, Molecular weight: 185.349.  
1
H NMR (400 MHz, CDCl3, both diastereisomers)  2.07 (1H, d, NHCHCH, J = 7.0 
Hz), 1.92 (1H, heptuplet of doublets, CHCH(CH3)2), 1.04 (9H, s, C(CH3)3), 0.98 (3H, d, 
CH(CH3)2, J = 7.0 Hz), 0.84 (9H, s, C(CH3)3), 0.81 (3H, d, CH(CH3)2, J = 7.0 Hz).  
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Chemical 
shift 
Integral Ratio of integral Assignment 
0.81 56.84 3.26 a 
0.84 55.66 3.19 b 
0.98 159.79 9.17 c 
1.04 163.72 9.39 d 
1.92 18.55 1.06 e 
2.07 17.42 1.00 f 
 
 
Figure 3.17 
1
H NMR spectrum of N-tert-butyl-N’-(1-isopropyl-2,2-dimethyl-propyl)-
amine. The simplest ratio of integral and assignment of resonances to the structure are 
given above the spectrum. 
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3.2.4.3 2,2,5-Trimethyl-4-tert-Butyl-3-Azahexane-3-Nitroxide (TITNO) 
m-CPBA (2.54 g of 77% m-CPBA, 11.33 mmol) was dissolved in dichloromethane  
(100 ml) and the resulting solution was dried for 30 min over magnesium sulphate, 
which was then separated by filtration under water pump vacuum through a sintered 
glass funnel (No. 3). The solution was transferred into a three-necked round-bottomed 
flask and cooled to 15-17 
o
C in a water bath. N-tert-butyl-N’-(1-isopropyl-2,2-dimethyl-
propyl)-amine (1.82 g, 9.82 mmol) previously dissolved in  dichloromethane (10 ml) 
was added drop-wise to the solution via an addition funnel. The mixture was kept under 
magnetic stirring at this temperature for 2 h. The change of the contents from colourless 
to a yellow-green colour indicates the formation of nitroxide radicals. 
At the end of the reaction period, the mixture was quenched by addition of 20 ml 
sodium bicarbonate solution (NaHCO3) (10 g of NaHCO3 in 50 ml of deionised water) 
via an addition funnel. The mixture was then separated in a separating funnel. The 
organic layer was collected and washed twice with 25 ml of deionised water. The 
resulting organic phase was dried for 14-18 h over anhydrous magnesium sulfate, which 
was then separated by filtration under water pump vacuum through a sintered glass 
funnel (No. 3). The solvent was removed at room temperature using a rotary  evaporator 
connected to a vacuum pump.  
The crude product was purified by column chromatography, using a column with  
3.4 cm diameter and 45 cm length, and a weight ratio of 1:50 crude product:silica gel  
(6-35 m). The column was packed by filling with a dispersion of the silica gel in the 
eluent solvent mixture of ethyl acetate:hexane (1:100, v/v) and then passing more of the 
eluent solvent mixture through until the silica gel was densely packed without obvious 
void space. The crude product was placed on top of the column packing and the eluent 
solvent mixture forced through under pressure of nitrogen gas. 
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The yellow coloured band on the column was collected, using about 1000 ml of the 
eluent solvent mixture. After this purification step, the product obtained was orange in 
colour and it was further analyzed by TLC. Further purification by column 
chromatography was needed if the presence of impurities was observed from TLC 
analysis. The TLC analysis of the final product had a retardation factor (Rf) of 0.3 in 
1:40 (v/v) ethyl acetate:hexane. As a NMR signal is affected by paramagnetic species, 
1
H NMR of the pure TITNO

 was not possible. However, the crude TITNO

 in the 
presence of 3-chlorobenzoic acid was analyzed and gave the spectrum, as presented in 
Figure 3.18. Yield: 44%, Molecular formula: C12H26NO, Molecular weight: 200.341. 
 
1
H NMR of the crude TITNO

 in the presence of 3-chlorobenzoic acid (400 MHz, 
CDCl3, both diastereoisomers)  3.13 (1H, s, NHCHCH(CH3)2,  2.72 (1H, heptuplet, 
CHCH(CH3)2), 1.43 (9H, s, C(CH3)3), 1.33 (3H, d, CH(CH3)2, J = 7.0 Hz), 1.23 (9H, s, 
CH(CH3)3), 1.17 (3H, d, CH(CH3)2, J = 7.0 Hz).  
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Chemical shift Integral Ratio of integral Assignment 
1.17 3.69 3.88 a 
1.23 3.26 3.43 b 
1.33 10.07 10.30 c 
1.43 8.47 8.92 d 
2.72 0.98 1.03 e 
3.13 0.95 1.00 f 
 
Figure 3.18 
1
H NMR spectrum of the crude TITNO
, 2,2’,5-trimethyl-4-tert-butyl-3-
azahexane-3-nitroxide revealing its contamination by 3-chlorobenzoic acid. The 
simplest ratio of integral and assignment of resonances to the structure are given above 
the spectrum. 
ppm (t1)
1.02.03.04.05.06.07.08.09.0
0
100000000
200000000
300000000
400000000
500000000
ppm (t1)
7.508.008.50
0
10000000
20000000
30000000
40000000
50000000
60000000
70000000
80000000
j 
 
j 
 
i 
 
i 
 
h 
 
h 
 
g 
 
g 
 
CDCl3 
 
CH2Cl2 
 
f 
 
f 
 
e 
 
e 
 
d 
 
c 
 
a 
 
b 
 
ppm (t1)
2.503.00
0
10000000
20000000
30000000
40000000
50000000
ppm (t1)
1.001.50
0
100000000
200000000
300000000
400000000
500000000
600000000
d 
 
c 
 
b 
 
a 
 
Chapter 3                                         Characterization Techniques and Synthesis of Styryl-TITNO 
144 
 
3.2.4.4 2,2,5-Trimethyl-3-(1-phenylethoxy)-4-tert-butyl-3-azahexane (Styryl-
TITNO) 
A solvent mixture of 1:1 (v/v) ethanol:toluene (50 ml) contained in a three-necked 
round-bottomed flask fitted with a condenser was flushed with air for half an hour under 
magnetic stirring at room temperature. TITNO

 (0.75 g, 3.74 mmol) and previously 
purified styrene (1.15 g, 11.04 mmol) were mixed together before being added dropwise 
to the solvent mixture via an addition funnel at room temperature. Jacobsen’s catalyst 
(0.76 g, 1.19 mmol) was then added slowly to the resulting mixture through a glass 
funnel and vigorous stirring was required during the addition to ensure good dispersion 
of the catalyst. This was followed by addition of sodium borohydride (0.56 g, 14.80 
mmol) into the mixture through a glass funnel. After the addition was complete, the 
reaction was left under magnetic stirring and bubbled continuously with air through  
a small glass tube for 15 h at room temperature. 
After the reaction was complete, the catalyst was filtered from the mixture under water 
pump vacuum through a sintered glass funnel (No.3) packed with Celite (top layer, 
about 10 mm depth) and silica gel (bottom layer, about 30 mm depth) to prevent the 
catalyst from penetrating the pores of the sintered glass funnel, followed by washing 
through with hexane ( 500 ml).  
The brown coloured solution obtained from the first filtration was concentrated at room 
temperature using a rotary evaporator connected to a vacuum pump. The resulting 
concentrated product solution was then filtered again through a sintered glass funnel 
newly-packed with Celite and silica gel and washed with hexane ( 500 ml). This 
filtration/washing/concentration process was repeated until a clear product solution in 
hexane was obtained, which normally required three cycles in total. The crude product 
was further purified by column chromatography using hexane as the eluent ( 500 ml). 
The column size, the ratio of crude product:silica gel, and the method of packing the 
column were the same as previously described in Section 3.2.3.3. The product obtained 
after the purification was analyzed by TLC in 1:40 (v/v) ethyl acetate:hexane and  
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an Rf of 0.8 was observed for Styryl-TITNO in this solvent system. The structure of 
Styryl-TITNO was identified by 
1
H NMR, 
13
C NMR and mass spectroscopy (see 
Figures 3.19 - 3.21). Yield: 49%, Molecular formula: C20H35NO, Molecular weight: 
305.498; CHN microanalysis: 78.66% C, 11.71% H, 4.99% N (measured); 78.63% C, 
11.55% H, 4.58% N (theoretical).  
1
H NMR (400 MHz, CDCl3, both diastereoisomers)  7.40-7.17 (5H, m, H
ar
), 5.01 (1H, 
q, OCHCH3, J = 7.0 Hz), 2.76 (1H, s, NCHCH), 2.67 (1H, m, CHCH(CH3)2), 1.57 (3H, 
d, CH3CHO, J = 7.0 Hz), 1.21 (9H, s, NHC(CH3)3), 1.11 (3H, d, CH(CH3)2, J = 7.0 Hz), 
1.09 (9H, s, C(CH3)3), 1.01 (3H, d, HC(CH3)2, J = 7.0 Hz).  
13
C NMR (100 MHz, CDCl3, both diastereoisomers)  144.51, 128.21, 127.98, 127.02, 
126.59, 126.45 (C
ar
), 83.16 (CHO), 72.38 (CHNH), 61.30 (NHC(CH)3, 36.48 
(CHC(CH)3, 30.85 (NHC(CH3)3), 30.58, 29.29 (CH(CH3)2), 28.80, 28.45 (CHC(CH3)3), 
25.82, 20.01 (CH(CH3)2), 25.07, 22.25 (CH3CHO).  
MS (ES
+
, MeOH): 144.1 [M + H - tBu =57- Styryl = 105]
+
; 186.2 [M + 2H – StyrylO = 
121]
+
; 194.2 [M + 2H – tBu = 57 – isoBu = 56]+; 250.2 [M + 2H - tBu =57]+;  306.3  
[M + H]
+
.  
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Chemical shift Ratio of integral Assignment 
1.01 3.13 a 
1.09 5.12 b 
1.11 9.23 c 
1.21 9.02 d 
1.57 3.68 e 
2.67 1.34 f 
2.76 1.00 g 
5.01 1.01 h 
7.17-7.40 6.43 i 
 
 
Figure 3.19 
1
H NMR spectrum of  Styryl-TITNO, 2,2’,5-trimethyl-3-(1-phenylethoxy)-
4-tert-butyl-3-azahexane. The simplest ratio of integral and assignment of resonances to 
the structure are given above the spectrum. 
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Carbon Chemical shift 
Caromatic 144.51, 128.21, 127.98, 127.02, 
126.59, 126.45 
CHO, C-1 83.16 
CHNH, C-2 72.38 
(NHC(CH3)3, C-3 61.30 
CHC(CH3)3, C-4 36.48 
(NHC(CH3)3, C-5 30.85 
(CH(CH3)2, C-6 30.58, 29.29 
(CHC(CH3)3, C-7 28.80, 28.45 
(CH(CH3)2, C-8 25.82, 20.01 
(CH3CHO), C-9 25.07, 22.25 
 
0102030405060708090100110120130140150
ppm
 
Figure 3.20 
1
H-decoupled 
13
C NMR spectrum of Styryl-TITNO. The assignment of 
resonances to the structure is given above the spectrum. 
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Figure 3.21 Positive ion electrospray mass spectrum of Styryl-TITNO. The data in the 
table relate to accurate mass values for the H
+
 molecular ion of [Styryl-TITNO]H
+
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3.3 Conclusion 
The strategy for synthesis of Styryl-TITNO consisted of four steps. The first step 
involved reaction of tert-butylamine with iso-butyraldehyde to produce the imine, as 
evidenced by the proton NMR doublet at 7.36 ppm, in 88% yield. In the next step, the 
imine was reacted with tert-butyl lithium (resulting in disappearance of the imine proton 
in the NMR spectrum) to give N-tert-butyl-N’-(1-isopropyl-2,2’-dimethyl-propyl)-
amine in 78% yield, which is close the yield reported by Lagrille et al.
26
 (86% yield). 
N-tert-butyl-N’-(1-isopropyl-2,2’,dimethyl-propyl)-amine was oxidized with m-CPBA 
at room temperature to yield TITNO

, employing a modified procedure of Gillet et al.
31
 
who reported that the oxidation of diethyl-2,2’-dimethyl-1-(1,1-dimethylamino)-
propylphosphonate with m-CPBA gave the corresponding nitroxide in 71% yield after 
purification. Grimaldi et al.
32
 synthesized a series of SG1-based nitroxides from the 
corresponding amines using the same procedure, obtaining nitroxides in 25-91% yield. 
Thus, different amines give different yields of nitroxide using the same procedure. After 
purification by column chromatography, TITNO

 was obtained in 44% yield, i.e., within 
the range of yields that can be expected, and consistent with the yield of 49% reported 
by Lagrille et al.
28
  
Finally, TITNO

 was converted into Styryl-TITNO using Jacobsen's catalyst, using  
a procedure adapted from that described by Dao et al.
30
 who reported synthesis of  
a number of different alkoxyamines in 58-75% yield. The reaction can be performed at 
room temperature and low levels of side products are considered to be benefits for this 
strategy. Styryl-TITNO was obtained in 49% yield after purification, which involves 
repetitive filtrations to remove the residual catalyst completely from the product. This 
process is inefficient and time consuming and resulted in significant loss of product.  
In future work, this purification stage should be the principal focus for overall 
improvement in the yield of Styryl-TITNO. 
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4 Solution Polymerizations Mediated by Styryl-TITNO 
 
4.1 Introduction 
The main aim of the work reported was to examine whether Styryl-TITNO- mediated 
polymerization can be achieved at temperatures below 100 C. The feasibility of using 
Styryl-TITNO as a unimolecular initiator was first demonstrated by solution 
polymerizations of both n-butyl acrylate (BA) and styrene at 90 C. Optimization of the 
polymerization temperature and the effect of free TITNO

 on controlled polymerization 
of the corresponding monomers were investigated. Living polymerization 
characteristics were demonstrated by block copolymerization of BA with styrene. The 
dissociation rate coefficient (kd) and the activation energy (Ea) for the homolysis of 
Styryl-TITNO were determined and compared to those of the Styryl-TIPNO. 
 
4.2 Materials 
Styrene,  BA and anisole were purified by distillation under vacuum on a vacuum line 
and then dried at 4 °C over anhydrous calcium sulphate (CaSO4) for 16-18 h from 
which it was separated by filtration before use. All other reagents and solvents were 
used as received. Purities and suppliers of all chemicals used in this chapter are 
presented in Table 4.1. 
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Table 4.1 List of all chemicals used for the studies of solution polymerization mediated 
by Styryl-TITNO. 
 
Chemical Supplier Purity 
Monomer   
n-Butyl acrylate Sigma-Aldrich Co. Ltd 99% 
Styrene Sigma-Aldrich Co. Ltd 99% 
Solvent   
Hexane Sigma-Aldrich Co. Ltd 97% 
Anisole Sigma-Aldrich Co. Ltd 99% 
Dimethylacetamide Sigma-Aldrich Co. Ltd 99.5% 
Methanol Fisher Scientific 99.5% 
Other chemical   
Magnesium sulphate  Sigma-Aldrich Co. Ltd 97% 
 
4.3 General Methods 
The number-average molecular weight (Mn) and molecular weight distribution (MWD) 
were determined by gel permeation chromatography (GPC) using Phenogel columns 
(500, 5  104 and 5  106 Å in series) connected to a Shodex RI-101 differential 
refractometer, as described in detail in Section 3.1.3.2. 
 
Perkin Elmer Clarus 500 gas liquid chromatography (GLC) was used to determine  
the amount of unreacted monomer in solution polymerizations, using dimethyl-
acetamide as an internal reference. GLC analysis was performed as previously described 
in Section 3.1.4.1. Determination of kd for Styryl-TITNO at different temperatures  
(in the range 70-100 °C) was performed using electron paramagnetic resonance (EPR). 
Evolution of TITNO

 concentration from the homolysis of Styryl-TITNO was measured 
and the procedures for EPR measurements were previously described in 3.1.2.1.  
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4.4 Analytical Methods 
4.4.1 General Analysis 
 
The percent conversion of monomer was calculated according to Equation 4.1 (homo 
polymerization) and Equation 4.2 (overall monomer conversion). 
 
 
100%Conversion
initial
unreactedinitial 


m
mm
   (4.1) 
 
where minitial represents the initial mass of monomers (BA or styrene) and munreacted is the 
mass of unreacted monomer.  
 
  
100%conversion  Overall
total
unreacted StyreneunreactedBA total



m
mmm
 (4.2) 
where mtotal represents the total mass of monomer mixtures used (BA + styrene) and 
mBA unreacted and mStyrene unreacted are the masses of unreacted BA and unreacted styrene, 
respectively. 
Theoretical number average molecular weight (Mn th) is given by  
 













 
0
0
monomerTITNOStyrylthn
]TITNOStyryl[
]M[
MM CM            (4.3) 
 
where C is the fractional monomer conversion, MStyryl-TITNO and Mmonomer are 
the molar masses of Styryl-TITNO and monomer, respectively, and the initial molar 
concentration of monomer and Styryl-TITNO are represented by [M]0 and 
0]TITNOStyryl[  , respectively.  
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Theoretical degree of polymerization (xn th) is defined as 








0
0
thn
]TITNOStyryl[
]M[
Cx                     (4.4) 
 
where experimental degree of polymerization (xn exp) is given by 
 
  monomer
TITNOStyrylexpn
expn
M
M 

M
x                                    (4.5) 
 
The theoretical number of moles of polymer chains (NT th) is equal to 
0]TITNOStyryl[  . The experimental total number of moles of polymer chains is 
calculated according to the following formula where m is the initial mass of monomer 
used.  
  









expn
exp T
1
M
mCN                      (4.6) 
 
4.4.2 Kinetics Analysis 
In nitroxide-mediated polymerization (NMP), the rate of polymerization (Rp) is 
described by the following equation
1
, as previously explained in detail in Section 2.5.1. 
                   tkR ]P[
]M[
]M[
ln p
0
p






                                             (4.7) 
 
where [M]0 and [M] are the initial monomer concentration and the concentration of 
residual monomer in the reaction at time t, respectively, kp is the apparent rate 
coefficient for propagation, and [P

] is the concentration of propagating radicals. 
Therefore, the kp[P

] value can be obtained from the slope of a plot of ln([M]0/[M])  
vs t.
2,3
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Kinetics in NMP is controlled by an activation-deactivation equilibrium. The quasi-
equilibrium is a state where the balance between the rate of dissociation and 
combination was attained, at which point the concentration of TITNO

, [TITNO

], was 
considered to be higher than that of active species, [P

] (i.e., [TITNO

] > [P

]). K is the 
equilibrium constant for activation-deactivation and can be defined by Equation 4.8 
under quasi equilibrium conditions, as previously described in detail in Section 2.5. 
 
   
TITNO][Styryl
]][TITNO[P



K                                  (4.8) 
 
where the concentration of Styryl-TITNO is represented by [Styryl-TITNO]. 
 
The kinetics of the work reported were studied under quasi-equilibrium conditions. 
An excess amount of TITNO

 was added into the polymerizations to ensure that  
the activation-deactivation equilibrium was shifted further to the dormant species. Hence, 
[TITNO

] can be assumed to be equal to the initial concentration of free TITNO 
([TITNO

]0). [Styryl-TITNO] can also be considered to be constant and equal to the 
initial concentration of Styryl-TITNO, [Styryl-TITNO]0 so that  Equation 4.8 can be 
rewritten as 
 
0
0
TITNO][Styryl
]][TITNO[P



K
                                                
(4.9) 
 
When the ratio of [TITNO]0/[Styryl-TITNO]0 is substituted by parameter r, Equation 
4.9 can be simplified to
2,3
 
 
 
 
 
 
Chapter 4                                                                      Solution Polymerization Mediated by Styryl-TITNO 
158 
 
rK ]P[
]TITNOStyryl[
]TITNO[]P[
0
0 



                          (4.10) 
According to Equation 4.7, the slope obtained from a plot of ln([M]0/[M]) vs time is equal 
to kp[P

]. Hence, multiplication both sides of Equation 4.10 with kp enables a value of K 
to be estimated experimentally since kp is a constant for a particular monomer at  
a certain temperature, as described in Equation 4.11. 
 
rkKk ]P[pp
                      (4.11) 
 
 
4.5 Experimental Sections 
4.5.1 Solution Polymerization of BA 
 
Styryl-TITNO (0.37 g, 1.21 mmol) was first dissolved in BA (15.44 g, 120 mmol) at  
a molar ratio of 99.17:1 monomer:Styryl-TITNO. The solution was then mixed with 
anisole (15.61 g) in a 50 ml Schlenk tube under magnetic stirring for 5 min. The 
Schlenk tube was connected to a vacuum line and the solution was degassed by three 
freeze-pump-thaw cycles. The Schlenk tube was then fitted with a condenser and 
purged with nitrogen while being allowed to warm naturally to room temperature. The 
reaction was performed in a preheated oil bath at 90 °C, which was placed on a 
magnetic hotplate stirrer (IKA RCT  classic) equipped with an electronic contact 
thermometer (VT-5 with a measuring accuracy of  2 K ), and stirred with a magnetic 
stirrer at 400 rpm for the required time. Samples ( 0.5 g) were taken with a glass 
syringe fitted with a 15.24 cm stainless steel needle through a rubber septum at selected 
time intervals. This sampling procedure was employed in all solution polymerizations 
reported. 
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4.5.2 Solution Polymerization of Styrene 
 
Styryl-TITNO (0.46 g, 1.50 mmol) and TITNO

 (0, 5 and 15 mol% relative to Styryl-
TITNO) were dissolved in styrene (15.65 g, 150 mmol, corresponding to a 100:1 molar 
ratio monomer:Styryl-TITNO). The resulting solution was then mixed with anisole 
(15.72 g) in a 50 ml Schlenk tube under magnetic stirring for 5 min. The mixture was 
degassed by three freeze-pump-thaw cycles using a vacuum line. The polymerization 
was carried out in a preheated oil bath at 90 C under a magnetic stirring for a required 
period. The same polymerization conditions and procedures as employed for solution 
polymerization of BA were used for styrene polymerization. 
 
4.5.3 Synthesis of Poly(n-Butyl Acrylate)-block-Poly[(n-Butyl Acrylate)-co-
Styrene] Block  Copolymers in Solution Polymerization 
 
Styryl-TITNO (0.37 g, 1.21 mmol) and TITNO

 (0, 5 and 15 mol% relative to Styryl-
TITNO) were dissolved in BA (7.99 g, 62.33 mmol, corresponding to a 51.51:1 molar 
ratio monomer:Styryl-TITNO). The solution was then transferred into a 50 ml Schlenk 
tube containing anisole (7.54 g) and the contents were mixed under magnetic stirring for  
5 min. The Schlenk tube was attached to a vacuum line and the solution was degassed 
by three freeze-pump-thaw cycles. The Scklenk tube was then connected to a condenser 
and purged with nitrogen while it was allowed to warm naturally to room temperature. 
The polymerization was performed in a preheated oil bath at 90 C with magnetic 
stirring at 400 rpm for the required time. The BA was polymerized to about 80% 
conversion, and a previously degassed 1:1 (w/w) solution of styrene (7.08 g, 67.97 
mmol) in anisole (6.79 g) was then added into the reaction vessel via a glass syringe. 
The amount of added styrene was a 56.17:1 molar ratio to Styryl-TITNO based on the 
previously added Styryl-TITNO. The reaction was continued at 90 
o
C for the required 
time under magnetic stirring.  
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4.5.4 Synthesis of Poly(n-Butyl Acrylate)-block-[(n-Butyl Acrylate)-co-Styrene] 
Block Copolymers in Solution Polymerization at Different Temperatures 
 
Styryl-TITNO (0.26 g, 0.85 mmol) and 15 mol% TITNO

 relative to Styryl-TITNO 
(0.029 g, 0.14 mmol) were dissolved in BA (5.57 g, 43.45 mmol, corresponding to  
a 51.12:1 molar ratio monomer:Styryl-TITNO). The resulting solution was then mixed 
with anisole (5.55 g) in a 50 ml Schlenk tube under magnetic stirring for 5 min.  
The mixture was degassed by three freeze-pump-thaw cycles using a vacuum line.  
The Schlenk tube was fitted with a condenser and purged with nitrogen while it was 
warmed to room temperature naturally. The polymerization was conducted in  
a preheated oil bath at 90 C under magnetic stirring at 400 rpm for the required period. 
The polymerization was allowed to proceed to about 80% conversion.  
The polymerization temperature was then reduced to 70 C and kept at this temperature 
for 1 h. Previously degassed styrene (5.49 g, 52.71 mmol) at a molar ratio of 62.01:1 to 
previously added Styryl-TITNO dissolved in anisole (7.30 g) was then added into the 
reaction vessel using a glass syringe. The reaction was continued at 70 
o
C for the 
required time under magnetic stirring. 
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4.6 Results and Discussion 
This chapter focuses on assessing the feasibility and efficiency of using  
Styryl-TITNO as unimolecular initiator in solution polymerizations at temperatures 
below 100 °C. The studies reported can be divided into four main parts: (i) solution 
polymerization of n-butyl acrylate (BA), (ii) solution polymerization of styrene, (iii) the 
synthesis of block copolymers, and (iv) the kinetics studies. 
 
4.6.1 Synthesis of Poly (n-Butyl Acrylate)  
 
The efficiency of Styryl-TITNO in controlled polymerization was first evaluated in the 
solution polymerization of BA at 90 C. An increase in percent conversion with time 
was observed, and poly(n-butyl acrylate), PBA, with a conversion of 79.5% was 
obtained after 5 h (Figure 4.1). Figure 4.2 shows the plot of Mn and ƉM vs conversion. 
Mn increased linearly with conversion and there is good agreement between 
experimental and theoretical Mn. A slight decrease in molecular weight dispersity (ƉM) 
with time can also be observed and a low ƉM of 1.12, which can usually be achieved by 
uniform growth of polymer chains, was obtained for the final polymer. PBA with  
ƉM = 1.22 was obtained at low conversion (14.7% conversion), indicating that the 
initiation stage was relatively fast and occurred mostly at the beginning of 
polymerization. In addition, a growth of polymer chains in a living fashion can be seen 
by the pronounced shift of a narrow unimodal molar weight distribution (MWD) 
towards a higher molecular weight (Figure 4.3).  
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Figure 4.1 Plot of percent conversion vs time for solution polymerization of BA  
at 90 °C. 
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Figure 4.2 Plot of number-average molecular weight (Mn) and molecular weight 
dispersity (ƉM) vs conversion for solution polymerization of BA at 90 °C. 
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Figure 4.4 shows a linear increase in xn with conversion and close agreement of 
experimental and theoretical values. It can also be noticed that the total number of 
moles of polymer chains (NT) remained approximately constant and close to the 
theoretical line, implying a high degree of chain livingness (Figure 4.4).  
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Figure 4.3 Plot of the evolution of molecular weight distribution (MWD) with time for  
the polymerization of BA at 90 °C. 
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Figure 4.4 Plot of degree of polymerization (xn) and total number of moles of polymer 
chains (NT) vs conversion for solution polymerization of BA at 90 °C. 
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Figure 4.5 shows the plots of ln([M]0/[M]) vs t and ln([M]0/[M]) vs t
2/3
. According to  
a stationary-state system, ln([M]0/[M]) is predicted to be first order dependence on time 
(see Equation 4.7), so that a plot of ln([M]0/[M]) vs t should be a straight line.  
In contrast, ln([M]0/[M]) is predicted to show a 2/3 order dependence on time under the 
persistent radical effect (PRE), as described in Equation 4.12 and, hence,  a plot of 
ln([M]0/[M]) vs t
2/3
 should be linear. 
 
3/2
3/1
t
0
p
0  
6
I][
2
3
]M[
]M[
ln t
k
K
k 
















   (4.12) 
 
The plots of both ln([M]0/[M]) vs t (Figure 4.5a) and ln([M]0/[M]) vs t
2/3
 (Figure 4.5b) 
show straight lines and give similar fits to the data for BA polymerization, as indicated 
by the values of the correlation coefficient (R
2
). The values of R
2
 obtained from the 
plots of ln([M]0/[M]) vs t and ln([M]0/[M]) vs t
2/3 
were 0.9972 and 0.9981, respectively. 
However, extrapolation for the plot of the ln([M]0/[M]) vs t gives a linear line that is 
closer to the origin than that obtained from the plot of the ln([M]0/[M]) vs t
2/3
. Based on 
these observations, it can be concluded that the plot of the ln([M]0/[M]) vs t give a better 
fit of the BA polymerization data. 
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Figure 4.5 Plot of (a) ln([M]0/[M]) vs t and (b) ln([M]0/[M]) vs t
2/3
 for solution 
polymerization of BA at 90 °C. 
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4.6.2 Synthesis of Polystyrene  
 
The effect of free nitroxide and polymerization temperature on the level of control  
and the rate of polymerization are discussed in this section. The synthesis of poly 
(n-buyl acrylate)-block-poly[(n-butyl acrylate)-co-styrene], [PBA-b-P(BA-co-Sty)], 
block copolymers via sequential monomer addition  is also presented and discussed. 
 
4.6.2.1 Effect of Additional Free TITNO 
 
Three Styryl-TITNO-mediated polymerizations of styrene were carried out at 90 C 
using 0, 5 and 15 mol % of free TITNO

 relative to Styryl-TITNO. The conversion-time 
data are plotted in Figure 4.6. For the polymerization without additional TITNO

, the 
polymerization proceeded rapidly during the early stages of polymerization, achieving 
21% conversion within 30 min (Figure 4.6a). The styrene conversion obtained in these 
stages of polymerization was even higher than that of BA polymerization at 90 C for 
the same polymerization time (15% conversion, see Figure 4.1) although BA 
polymerization has a much higher value of the rate coefficient for propagation (kp) than 
styrene polymerization (kp for BA = 58,840 L mol
-1
 s
-1 4
and styrene = 911 L mol
-1
 s
-1
 
5
at 
90 C). 
 
These results imply that the equilibrium constant for activation-deactivation (K) in the 
early stages of styrene polymerization at 90 C is further shifted towards the active 
species than that of BA polymerization at the same temperature. K can be defined as the 
ratio of the rate coefficient for dissociation (kd) to the rate coefficient for combination 
(kc), K = kd/kc. Since polymerizations of both BA and styrene were initiated by Styryl-
TITNO at the same temperature, kd for Styryl-TITNO in both reactions should be  
the same. However, Styryl-TITNO will convert into a TITNO

 polymer alkoxyamine 
shortly after the start of polymerization (see Figure 4.7), which leads to the difference in 
values of K for the polymerizations of BA and styrene. This topic was investigated and 
will be discussed in more detail in Section 4.7. 
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Figure 4.6 Plot of percent conversion vs t for solution polymerization of styrene at  
90 °C: (a) without TITNO

, (b) with 5.70 mol% TITNO

, (C) with 15.98 mol% TITNO

  
to Styryl-TITNO. 
 
Figure 4.7 The activation-deactivation equilibrium for the polymeriations of styrene and 
BA mediated by Styryl-TITNO. PS and n-PBA represent polymer styrene chains and 
poly(n-butyl acrylate) chains, respectively. 
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An approximately linear increase in Mn with conversion was observed, but Mn began to 
deviate from the theoretical line early in the polymerization, as evident from Figure 
4.8a. A slight increase in ƉM also can be seen at high conversion. When the additional 
TITNO

 was employed, lower monomer conversion was expected at the same 
polymerization time, but inspection of Figure 4.6 shows that conversion did not differ 
significantly for all three experiments. In addition, no significant effect of additional 
TITNO

 on the control of Mn and ƉM was observed (see Figure 4.8).  
 
The evolution of MWDs towards higher molecular weight polymer can be seen for all 
three experiments (Figure 4.9). However, a small tail of low molecular weight polymer 
was observed at high conversion in the polymerizations, both with and without added 
TITNO

. 
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Figure 4.8 Plot of Mn and ƉM vs conversion for solution polymerization of styrene at  
90 °C: (a) without TITNO

, (b) with 5.70 mol% TITNO

, (c) with 15.98 mol% TITNO

 
to Styryl-TITNO 
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Figure 4.9 Evolution of MWDs with time for solution polymerization of styrene at  
90 °C: (a) without TITNO

, (b) with 5.70 mol% TITNO

, (c) with 15.98 mol% TITNO

 
to Styryl-TITNO. 
The approximately linear increase in xn with conversion is shown in Figure 4.10. 
Although xn deviated from the theoretical line, a reasonable agreement between xn and 
theoretical xn (based on the number of moles of active chains (NT) present early in the 
polymerization) was observed. NT in the early stage of polymerization was calculated 
from the experimental Mn obtained from the first sample of polymerization using 
Equation 4.6. The new theoretical xn was then calculated by replacing the initial molar 
concentration of Styryl-TITNO in Equation 4.4 with the value of NT obtained.  
The results also show that experimental NTs were lower than theoretical values for all 
three experiments and free TITNO

 had little effect on the control of xn and NT.  
A similar observation also has been reported for the effect of free nitroxide on styrene 
polymerizations mediated by N,N’-tert-butyl-N-[1-diethylphosphono-2,2’-dimethyl-
propyl] nitroxide (SG1-based alkoxyamine, MAMA).
6
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Figure 4.10 Plot of xn and NT for solution polymerization of styrene at 90 °C: (a) without 
TITNO

, (b) with 5.70 mol% TITNO

, (c) with 15.98 mol% TITNO

 to Styryl-TITNO. 
In each case, the experimental Mns are notably higher than the theoretical values. Since 
Mn is controlled by the ratio of monomer to initiator ([M]0/[I]0) and conversion, the 
presence of the higher molecular weight polymer indicates loss of active chains. 
However, Mn is close to the theoretical Mn calculated from the number of active chains 
present early in the polymerizations (i.e. below 30% conversion). Therefore, it can be 
postulated that the bimolecular termination mostly occurred in the early stages of 
polymerization when the concentration of monomer was high and rate of 
polymerization was relatively fast. The termination rate is mainly dependent on the 
viscosity, the temperature of polymerization, and the length of polymer chains
7
, so that 
the possibility of bimolecular termination should be relatively high at low conversion.  
 
Thermal polymerization of styrene might partly be responsible for the fast rate of 
polymerization in the early stages of polymerization by increasing the concentration of 
initiating radicals. The rate of thermal initiation in styrene is reported to be a third order 
dependence on the concentration of monomer, as previously described in Section 
2.4.2.
8,9
 Hence, the pronounced effect of the thermal initiation of styrene on the rate of 
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polymerization should be observed in the early stages of polymerization. It is reported 
that the rate of thermal polymerization of styrene at 90 C is 3  10-5 mol L-1s-1.7,10-12  
However, the reduction in NT did not depend on reaction time, which indicates that 
thermal polymerization of styrene may not play a significant role in the loss of active 
chains.  
 
 
4.6.2.2 Effect of Polymerization Temperature 
 
The effect of temperature on the polymerization of styrene has been investigated by 
many groups using different initiation systems, e.g., TEMPO/BPO,
13
 polystyrene-
TEMPO macroinitiator (PS-TEMPO),
14
 and SG-1-based alkoxyamine initiator 
(MAMA)
6
. A decrease in control of Mn and ƉM in polymerization of styrene mediated 
by MAMA was also reported when the polymerization temperature was increased  
above 115 °C.
6
 It was reported that an increase in termination reactions and thermal 
polymerization of styrene were probably responsible for the loss of controlled character. 
Therefore, it was thought that a reduction in polymerization temperature would reduce 
the rate of polymerization and thereby improve the control and living character in the 
polymerization of styrene.  
 
The effect of temperature on the polymerization of styrene was studied at 70 and  
110 C in presence of 15 mol% of free TITNO relative to Styryl-TITNO, in order to 
compare the results with those obtained at 90 C. Figure 4.11 shows  
a comparison of conversion-time plots for styrene polymerization at 70, 90 and 110 C.  
At 110 C, the polymerization proceeded rapidly, attaining 74% conversion within 4 h, 
whereas 70% conversion was obtained after 8 h at 90 C and about 32 h was required to 
achieve 69% conversion at 70 C. It can be clearly seen from Figure 4.12 that the 
polymerization rate increased with increasing temperature. The highest rate of 
polymerization was observed for the reaction performed at 110 C. The polymerization 
kinetics will be discussed later in the kinetic studies (Section 4.7.1). 
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Figure 4.11 Plot of percent conversion vs time for solution polymerization of styrene 
with 15 mol% of free TITNO

 relative to Styryl-TITNO at 70, 90  and 110 C. 
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Figure 4.12 ln[M]0/[M] vs t for the polymerization of styrene with 15 mol% of free 
TITNO

 relative to Styryl-TITNO at 70, 90 and 110 C. 
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The evolution of Mn with monomer conversion can be seen for all runs, but the good 
agreement between the theoretical and experimental Mn was only observed for the 
polymerizations at 70 C, corresponding to the lowest rate of polymerization (Figure 
4.13a). In addition, relatively low ƉM was also obtained (1.15-1.2) at 70 C, implying 
controlled growth of the polystyrene chains. Increasing the temperature (90 and 110 C) 
led to an increasing deviation of Mn from the theoretical line as shown in Figure 4.13b 
and 4.13c. Thus, the control of both Mn and ƉM improved as the polymerization 
temperature decreased.  
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Figure 4.13 Plot of Mn and ƉM vs conversion for solution polymerization of styrene with 
15 mol% of free TITNO

 relative to Styryl-TITNO at (a) 70, (b) 90 and (c) 110 °C. 
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Continuous growth of polystyrene chains with time for all experiments is evident from 
the shift of MWDs towards higher molecular weight with time, as shown in Figure 4.14. 
When comparing the MWDs of polystyrene prepared at different temperatures, a low 
molecular weight tail can be seen clearly as the polymerization temperature was raised. 
The presence of this tail implies the formation of dead polymer chains due to various 
bimolecular termination reactions. In contrast, narrower and more symmetrical MWDs 
were observed when the polymerization was conducted at 70 C. 
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Figure 4.14 Evolution of MWDs with time for solution polymerization of styrene with 
15 mol% of free TITNO

 relative to Styryl-TITNO at (a) 70, (b) 90 and (c) 110 °C. 
 
The effect of polymerization temperature on xn and NT is presented in Figure 4.15. There 
is good agreement between the theoretical and experimental xn for the reaction 
conducted at 70 C while large deviation was observed when the polymerization 
temperature was raised (90 and 110 C). A similar effect of temperature on NT also  
was found since the polymerization performed at 70 C showed little changes in NT.  
For the reaction performed at 90 C, experimental NT was lower than theoretical values 
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and the loss of active chains seemed to occur early in the polymerization. In contrast,  
a higher value of NT than the theoretical value was observed early in the polymerization 
and it was decreased gradually with conversion for the reaction conducted at 110 C.  
The higher values of NT could be a result of the generation of active radicals via the 
thermal initiation of styrene in the reaction at 110 C. 
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Figure 4.15 Plot of xn and NT for solution polymerization of styrene with 15 mol% of 
free TITNO

 relative to Styryl-TITNO (a) 70, (b) 90 and (c) 110 °C. 
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These results reveal that temperature is a crucial parameter in order to obtain a well-
controlled polymerization of styrene. The control in NMP relies mainly on the balance 
between kd and kc for the polymerization, which is called the activation-deactivation 
equilibrium constant (K= kd/kc). When the polymerization temperature is reduced,  
the value of kd for Styryl-TITNO not only decreases, but the value of K also decreases.  
Thus, the equilibrium of the reaction is driven further towards dormant species with 
decreasing the polymerization temperature. This leads to a reduction in the 
concentration of active radicals in the system, causing a decrease in the rate of 
termination and, hence, an improvement in control of polymerization. 
 
4.6.3 Synthesis of Poly(n-Butyl Acrylate)-block-Poly[(n-Butyl Acrylate)-co-
Styrene] Block Copolymers in Solution Polymerization, [PBA-b-P(BA-co-Sty)] 
Block copolymers can be prepared by reversible-deactivation radical polymerization 
(RDRP) either by isolating a block and reinitiating it in presence of another monomer or 
by sequentially adding monomers in-situ to the reaction. These two strategies were 
considered in the preparation of poly [n-butyl acrylate-block-styrene)] block copolymers 
using NMP in solution.  
The first route was to conduct a solution polymerization of BA to a target molecular 
weight. The TITNO

-terminated PBA was then isolated and used as a macroinitiator for 
the polymerization of styrene. In the other strategy, BA was first polymerized to high 
monomer conversion, and styrene was then introduced to the polymerization without 
the removal of residual unreacted BA. The polymerization was then allowed to proceed 
to the required time.
15
 
Styryl-TITNO was designed initially for conducting polymerization in miniemulsion. 
Hence, the synthesis of block copolymers via miniemulsion polymerization using the 
first strategy seems not to be practical and economic. In this work, the second strategy 
was employed because it involves an in-situ block addition which would be of more 
interest as an industrial process (Figure 4.16). However, it is to be noted that the 
Chapter 4                                                                      Solution Polymerization Mediated by Styryl-TITNO 
176 
 
resulting block copolymers would be poly(n-butyl acrylate)-block-poly[(n-butyl 
acrylate)-co-styrene], [PBA-b-P(BA-co-Sty)]. The composition of the second block 
depends on the amount of unreacted BA present in the reaction at the point where the 
styrene is added. 
 
It is believed that the ability of TITNO-terminated PBA to reinitiate styrene is more 
efficient than that of TITNO-terminated PS to reinitiate BA. Thus, BA was selected to 
be the first block for the synthesis of block copolymers using the sequential addition 
strategy. Similarly, when BA was polymerized first, high efficient reinitiation was 
reported for the synthesis of [PBA-b-P(BA-co-Sty)] via sequential monomer addition 
using MONAMS as an initiator in miniemulsion polymerization. However, a bimodal 
molecular weight distribution was observed if the styrene was polymerized first to yield 
polystyrene-block-poly[styrene-co-(n-butyl acrylate)], [PS-b-P(Sty-co-BA)].
16
 
 
 
Figure 4.16 The synthetic route used in this work for the synthesize of [PBA-b-P(BA-
co-Sty)] by sequential addition of monomers. x and y represent mole fractions of 
styrene and BA in the second P(BA-co-Sty) block, respectively. 
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4.6.3.1   Effect of Additional Free TITNO 
 
Three different polymerizations were carried out to examine the effect of free TITNO

 
(0, 5, 15 mol% relative to Styryl-TITNO) on the block copolymerization of BA  
and styrene at 90 C. A 50% solution of BA in anisole was first polymerized using 
Styryl-TITNO as a unimolecular alkoxyamine initiator at a molar ratio of 50:1 
BA:Styryl-TITNO.  The polymerization was allowed to proceed to about 80% BA 
conversion before a 50% solution of styrene in anisole was added to give a molar ratio 
of added styrene to a previously added Styryl-TITNO of 50:1. Samples taken during the 
polymerization were weighed, so that the mass of the remaining solution in the reactor 
can be calculated accurately before styrene addition.  
 
The conversion-time data for the synthesis of [PBA-b-P(BA-co-Sty)] block copolymers 
are plotted in Figure 4.17. An increase in conversion with time was observed for all 
three polymerizations. After styrene addition (time of addition indicated by downward 
arrow), it was found that styrene was preferentially consumed. As a result, residual 
unreacted BA was still present even at high overall conversions. This can be explained 
by the reactivity ratios for styrene/BA copolymerization: rSty ~ 0.70 and rBA ~ 0.16.
17
  
From these reactivity ratios, it is expected that styrene would preferentially add to both 
styryl and n-butyl acrylate radicals. A similar observation was reported by Robin and 
Gnanou for rapid incorporation of styrene in copolymerizations of BA with a small 
amount of styrene mediated by SG1-based alkoxyamine, MAMA.
18
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Figure 4.17 Plot of percent conversion vs t for the synthesis of [PBA-b-P(BA-co-Sty)] 
block copolymers at 90 °C: (a) without TITNO

, (b) with 5.49 mol % TITNO

, (c) with 
15.30 mol % TITNO

 to Styryl-TITNO. 
 
Figure 4.18 shows plots of ln([M]0/[M]) vs t for the block copolymerizations with 
different concentrations of free TITNO

. When considering the polymerizations of BA,  
a faster rate of polymerization was observed for the polymerization without additional 
free TITNO

. It can be seen clearly that the polymerization rate decreased significantly 
after styrene was added. This reflects the earlier observations which showed that styrene 
polymerization was much slower than BA polymerization under these conditions of 
NMP. As styrene was added into the polymerization without the removal of residual 
unreacted BA, the rate of copolymerizations of BA and styrene would be affected by the 
mole fractions of remaining unreacted BA. As a consequence, the slopes obtained from 
the ln([M]0/[M]) vs t plot cannot be used to estimate the apparent rate coefficient in the 
second stages of these reactions. 
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Figure 4.18 Plot of ln([M]0/[M]) vs t for the synthesis of [PBA-b-P(BA-co-Sty)] block 
copolymers at 90 °C: (a) without TITNO

, (b) with 5.49 mol % TITNO

, (c) with 15.30 
mol % TITNO

 to Styryl-TITNO. 
 
Chapter 4                                                                      Solution Polymerization Mediated by Styryl-TITNO 
180 
 
After the introduction of styrene, an approximately linear increase in Mn with 
conversion indicated that the propagating chains continued to grow in a controlled 
manner (Figure 4.19). However, an increase in ƉM could be seen after the styrene 
addition for all experiments. Although the styrene polymerization with 15% mol of 
TITNO

 showed the smallest increase in ƉM, control of Mn and ƉM was not significantly 
affected by the addition of free TITNO

.  
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Figure 4.19 Mn and ƉM vs conversion plot for the synthesis of [PBA-b-P(BA-co- Sty)] 
block copolymers at 90 °C: (a) without TITNO

, (b) with 5.49 mol % TITNO

, (C) with 
15.30 mol % TITNO

 to Styryl-TITNO. 
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Overall livingness is evidenced by the shift of the starting PBA MWDs towards  
higher molecular weights. Although there is a low molecular weight tail, no clear 
evidence of residual styrene homopolymer was observed (Figure 4.20). The MWDs of 
the block copolymers were more symmetric with the additional TITNO

 present. 
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Figure 4.20 Evolution of MWDs for the synthesis of [PBA-b-P(BA-co- Sty)] block 
copolymers at 90 °C: (a) without TITNO

, (b) with 5.49 mol % TITNO

, (C) with 15.30 
mol % TITNO

 to Styryl-TITNO. 
 
Before styrene addition, xn increased linearly with conversion and was close to the 
theoretical values for all three experiments (Figure 4.21). Although, an approximately 
linear increase in xn with conversion was observed after styrene was introduced, there is 
also evidence that some chains terminated because NT decreased slightly. Although the 
block copolymerization with an additional 15 mol% TITNO

 gave the highest NT, the 
effect of free TITNO

 on the control of NT was not significant. 
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The loss of active chains immediately after the styrene addition implies that  
the irreversible termination rate might be relatively high in the early stages of  
the copolymerizations of the second block. The effect of varying temperatures for  
the homopolymerization of styrene was discussed in section 4.6.2.2. A similar 
investigation for growth of the predominantly styrene second block was undertaken and 
is discussed in the next section. 
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Figure 4.21 Plot of xn and NT for the synthesis of [PBA-b-P(BA-co-Sty)] block 
copolymers at 90 °C: (a) without TITNO

, (b) with 5.49 mol % TITNO

, (C) with  
15.30 mol % TITNO

 to Styryl-TITNO. 
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4.6.3.2 Effect of Varying Polymerization Temperature 
 
As previously observed, polymerization of BA at 90 C showed better control of Mn and 
ƉM than that observed for the styrene at the same temperature. However, reducing the 
temperature to 70 C enhanced the living characteristics of the styrene polymerization. 
Therefore, the effect of temperature on the synthesis of [PBA-b-P(BA-co-Sty)] block 
copolymers was investigated. Polymerization of BA was first performed at 90 C to  
a desired conversion with 15 mol% of free TITNO

 relative to Styryl-TITNO.  
The polymerization temperature was then reduced to 70 C, and the reaction was kept at 
70 C for 1 h prior to, and after, the addition of styrene. 
 
Figure 4.22 shows the conversion-time plot for the block copolymerization. BA was 
allowed to polymerize for 8 h at 90 C. The temperature was then decreased and held at 
70 C for 1 h, attaining 68% BA conversion, before the introduction of styrene. For the 
polymerization of BA, Mn increased linearly with monomer conversion and was close to 
the theoretical line. ƉM also was relatively low (1.15-1.2), as shown in Figure 4.23. 
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Figure 4.22 Plot of conversion vs reaction time for the synthesis of [PBA-b-P(BA-co- 
Sty)] block copolymers: the (first) BA block was formed at 90 °C and the (second)  
BA-styrene block at 70 °C. 
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Figure 4.23 Plot of Mn and ƉM vs conversion for the synthesis of [PBA-b-P(BA-co- 
Sty)] block copolymers: the (first) BA block was formed at 90 °C and the (second)  
BA-styrene block at 70 °C. 
 
After addition of styrene, polymerization proceeded slowly at 70 C and 82% overall 
conversion was achieved after 65 h. A reduction in the rate of polymerization for the 
second BA-styrene block at 70 C can be seen from the plot of ln([M]0/[M]) vs t, as 
shown in Figure 4.24. An increase in Mn with monomer conversion can be seen after the 
introduction of styrene implying the growth of existing polymer chains. A relatively low 
ƉM also was observed for the second block (1.12-1.15), indicating controlled growth. 
The complete shift in MWDs toward higher molecular weights (Figure 4.25) provides 
strong evidence of the living nature of the block copolymerization. Thus, when the 
polymerization temperature for the second BA-styrene block was reduced from 90 to  
70 C, an improvement in control of Mn, ƉM and MWD was observed. Narrower 
MWDs of the second block copolymers were clearly seen (Figure 4.25) when compared 
to those obtained at 90 C (Figure 4.20c). 
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Figure 4.24 Plot of ln([M]0/[M]) vs t for the synthesis of [PBA-b-P(BA-co-Sty)] block 
copolymers: the (first) BA block was formed at 90 °C and the (second)  
BA-styrene block at 70 °C. 
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Figure 4.25 Evolution of MWDs for the synthesis of [PBA-b-P(BA-co-Sty)] block 
copolymers: the (first) BA block was formed at 90 °C and the (second)  
BA-styrene block at 70 °C. 
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Figure 4.26 shows xn and NT  for the synthesis of [PBA-b-P(BA-co-Sty)] block 
copolymers. Before the introduction of styrene, an increase of xn with monomer 
conversion was seen and there is a good agreement between experimental and 
theoretical values of xn. It was also found that xn increased linearly with conversion after 
the styrene addition. Further, NT remained approximately constant after the addition of 
styrene which was in contrast to the results obtained from polymerization of the second 
BA-styrene block when conducted at 90 C. The results indicate that the majority of 
polymer chains were still active after the addition of styrene at 70 C.  
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Figure 4.26 Plot of xn and NT for the synthesis of [PBA-b-P(BA-co-Sty)] block 
copolymers: the (first) BA block was formed at 90 °C and the (second) BA-styrene 
block at 70 °C. 
 
These results are consistent with the earlier observation that the equilibrium of  
an activation-deactivation in the polymerization can be adjusted by controlling 
polymerization temperature. This is evidenced by an improvement in living 
characteristics of polymerization for the second BA-styrene block with reducing the 
temperature from 90 C to 70 C. 
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4.7 Kinetics Studies  
The polymerization kinetics of NMP are controlled by the activation-deactivation 
equilibrium constant (K). Practically, a value of kpK can be estimated from the apparent 
rate constant (kp[P

]) under quasi-equilibrium conditions, as previously described in 
Section 4.4.2. kp[P

] is obtained from the slope of the linear region of ln([M]0/[M]) vs t 
plot where [P

] should be constant if bimolecular termination is insignificant.  
 
Kinetics studies of Styryl-TITNO-mediated polymerizations were performed in the 
presence of an excess amount of TITNO

. The excess TITNO

 is added into the reaction 
to ensure the polymerization is under quasi-equilibrium conditions where the 
concentration of TITNO

 is higher than that of chain radicals ([TITNO
 
> [P

]). 
Additionally, the thermal polymerization is suppressed by the addition of TITNO

 
for the polymerization of styrene. More detail on the kinetic theories of NMP was 
previously described in Section 2.5. 
 
4.7.1 Kinetics of Styrene Polymerization  
 
Styryl-TITNO-mediated polymerizations of styrene were conducted in the presence of 5 
and 15 mol % of free TITNO

 relative to Styryl-TITNO. The plots of ln([M]0/[M]) vs t 
for the solution polymerization of styrene at different levels of free TITNO

  
at 90 C is presented in Figure 4.27. It can be seen that all the plots are linear, 
confirming the expected first order dependence on monomer concentration. However, 
the plots did not pass through the origin, suggesting the loss of active radicals in the 
early stages of polymerization. This is thought to be related to the observation in 
Section 4.6.2.1 which showed that the rate of polymerization was relatively fast in the 
early stages of styrene polymerization at 90 C, achieving approximately 21% 
conversion within 30 min. A possible explanation for this observation is that the 
equilibrium constant of styrene polymerization mediated by Styryl-TITNO is too high  
at 90 C, leading to high concentration of active radicals and a rise in the rate of 
Chapter 4                                                                      Solution Polymerization Mediated by Styryl-TITNO 
188 
 
termination in the initial stages of polymerization.The rate of polymerization in NMP is 
given by  
                                                             ]P][M[pp
 kR                                              (4.13) 
 
where [M] is the concentration of monomer, [P•] is the concentration of propagating 
radicals, and kp is the rate coefficient for propagation. Since the value of kp is constant at 
a particular temperature, the rate of polymerization depends mainly on [M] and [P•]. 
Therefore, given that [M]0 was fixed, fast polymerization at the onset of polymerization 
implies a high concentration of propagating radicals, which might be partly contributed 
by thermal initiation of styrene. 
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Figure 4.27 ln ([M]0/[M]) vs t for solution polymerizations of styrene at 90 °C mediated 
by Styryl-TITNO: (a) without TITNO

, (b) with 5.70 mol % TITNO

, (C) with  
15.98 mol % TITNO

 to Styryl-TITNO. 
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When Styryl-TITNO is used as an unimolecular initiator in NMP, the reaction starts 
through the dissociation of Styryl-TITNO to give styryl radicals and TITNO
 
. Once the 
styryl-radicals are formed, they grow rapidly by reacting with styrene monomer to form 
propagating polystyrene chains (PS

). However, the propagation of PS
 
will not only 
have to compete with the coupling reaction of PS
 
with TITNO

, but also with 
bimolecular terminations between PS

 themselves (see Figure 4.28). If the concentration 
of PS
 
is too high, the possibility of PS

 undergoing bimolecular termination increases 
which leads to dead polymer chains. As the number of PS

 decreases due to irreversible 
termination reactions, free TITNO

 is generated in the system. The increase in free 
TITNO

 shifts the equilibrium of reaction towards dormant species since the rate of 
deactivation (Rd) is given
14
 by 
 
                                                          ]][TITNO[P  cd kR                                       (4.14) 
 
On this basis, the persistent radical effect (PRE) is observed for the polymerization of 
styrene mediated by Styryl-TITNO at 90 °C as ln([M]0/[M]) increases more linearly 
with  t
2/3
, as shown 
 
in Figure 4.29.  
 
Styryl-TITNO Styryl + TITNO
kd
kc
[styrene]
PS
+ TITNO
kd
kc
PS-TITNO
kp
[styrene]
(Dormant species)
PS
m
Dead chains
n
 
 
 
Figure 4.28 Mechanism of NMP in a polymerization of styrene mediated by  
Styryl-TITNO. PS represents a polystyrene chain. 
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Figure 4.29 ln([M]0/[M]) vs t
2/3
 for solution polymerization of styrene at 90 °C mediated 
by Styryl-TITNO: (a) without TITNO

, (b) with 5.70 mol % TITNO

,  
(c) with 15.98 mol % TITNO

 to Styryl-TITNO. 
 
It is important to clarify whether a high value of K is responsible for the loss of active 
radicals in the initial stages of styrene polymerization at 90 °C. Since Styryl-TITNO is 
thermally activated, a decrease in the polymerization temperature will drive the 
equilibrium towards dormant species, leading to a reduction in K. Thus, the kinetics  
of styrene polymerization were studied at 70 °C in presence of 16.30 mol% excess 
TITNO

, in order to compare the results with those obtained at 90 °C. Figure 4.30 
shows that at 70 °C the plots of both ln([M]0/[M]) vs t and ln([M]0/[M]) vs t
2/3
 are linear. 
No clear evidence of significant termination was observed as extrapolation gives lines 
that are very close to passing through the origin for both corresponding plots. This could 
be a result of a decrease in the concentration of active radicals formed during the initial 
stages of polymerization.  
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Figure 4.30 Plots of (a) ln([M]0/[M]) vs t and (b) ln([M]0/[M]) vs t
2/3
 for solution 
polymerization of styrene at 70 °C mediated by Styryl-TITNO with 16.38 mol % 
TITNO

. 
 
It is reported that kd decreases with decreasing temperature whereas kc is weakly 
dependent on temperature.
19,20
 The activation-deactivation equilibrium is given by 
 
                                                          
]ONP[
]P][NO[
c
d



k
k
K                                        (4.15) 
 
where kd and kc are the rate coefficients for dissociation and recombination, respectively, 
[NO

] is nitroxide concentration, [P

] is propagating radical concentration, and [P-ON] 
is the nitroxide-terminated polymer radical concentration.  
 
Therefore, a decrease in kd will lead to a reduction in K, which subsequently results in  
a lower [P•], causing the rate of propagation to reduce as temperature decreases. Thus,  
a reduction in the rate of polymerization is expected to be the overall consequence of  
a decrease in polymerization temperature (as described in Equation 4.13). Additionally, 
when free TITNO

 is employed, the equilibrium of the reaction should shift towards the 
dormant species and the rate of polymerization should reduce.  
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The conversion-time data can be analysed using the theory presented in Section 2.51 
and 2.52. For BA polymerizations at 90 °C, which were performed in the absence of 
excess TITNO

, the simpler theory, i.e. Equation (4.7), fits the data better than the 
Fisher PRE theory, Equation (4.12). The latter theory is for polymerizations in the 
absence of excess nitroxide and so strictly is not valid for the styrene polymerizations, 
which in most cases used excess TITNO
 
from the start. Furthermore, in order to extract 
values for K from the Fisher analysis, knowledge of kt is required (for which there is 
great uncertainty in its values) and, also, only at 90 °C does the Fisher plot of 
ln([M]0/[M]) vs t
2/3
 gives a better fit of the styrene polymerization data. The simpler 
theory also gives a good linear fit of the data, but after 1 h in the 90 °C styrene 
polymerization, i.e. after the initial period where termination is taking place. Hence, it is 
not unreasonable to employ the simpler theory to analyse these data in the region of 
linear variation of ln([M]0/[M]) vs t. For all these reasons, and to ensure consistency in 
the analysis, the conversion-time data for all the polymerizations has been analyzed to 
obtain K using the simpler theory. This has the additional benefit that the only 
parameter required to calculate K is the value of kp, which is known accurately for BA 
and styrene from pulsed laser polymerization studies.
4,5
 
 
Using Equation (4.7), values of kp[P

] are estimated from the slope of ln([M]0/[M]) vs t 
plots in the linear region, so that a higher kp[P

] indicates the higher rate of 
polymerization. A summary of kp[P

] and K for polymerization of styrene are given in 
Table 4.2. As expected, a slightly faster rate of polymerization was observed for styrene 
polymerization without the addition of free TITNO

. An increase in the concentration of 
free TITNO

 results in a lower rate of polymerization as indicated by kp[P

] values  
(see Table 4.2). When comparing kp[P

] values of styrene polymerization at different 
temperatures as previously shown in Figure 4.13,  with r = 0.16, it is clearly seen that 
kp[P

] values increased with temperature. The highest kp[P

] was observed for the 
styrene polymerization at 110 C. However, kp[P

] values are likely to be low if there is 
irreversible termination. 
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Table 4.2 Kinetic parameters for solution polymerizations of styrene and BA mediated 
by Styryl-TITNO. 
 
M a T / C [I]0 
b 
/ mmol 
[M]0 
c
 
/[I]0
 
r d ln[M]0/[M] vs t 
kp[P
] e 
/ s-1 
kp K 
f
 
/ s-1 
K 
/  mol L
-1 
Sty 90 1.50 100.85 - 4.9  10-5 - - 
Sty 90 0.93 103.40 0.06 3.0  10-5 1.8  10-6 2.0  10-9 
Sty 90 0.92 105.50 0.16 2.4  10-5 3.8  10-6 4.2  10-9 
Sty 70 0.99 96.70 0.16 9.4  10-6 1.5  10-6 3.1  10-9 
Sty 110 0.94 110.26 0.16 6.7  10-5 1.1  10-5 6.9  10-9 
BA 90 0.86 106.68 0.16 3.1  10-5 5.0  10-6 8.5 10-11 
 
a M= monomer.  
b [I]0 = [Styryl-TITNO]0  
c
 [M]0 = 
 the initial mole concentration of monomer.  
d r =  [TITNO
]0/[Styryl-TITNO]0.  
e kp[P
] obtained from slopes of ln[M]0/[M] vs t plots.  
f kp for BA at 90 C = 58840 / L mol
-1 s-1 4 and for styrene at 70 C = 482 / L mol-1 s-1,  
at 90 C = 911 / L mol-1 s-1, and at 110 C = 1585 / L mol-1 s-1 5.  
 
The values of kp[P

], obtained from the slopes of the corresponding plots, were then 
used to calculate kpK and K values (using Equation 4.11). Since kpK and K are 
proportional to the concentration of free TITNO

, the values of kpK and K increased 
with increasing concentration of added TITNO

. The value of K at 90 C for an r value 
of 0.06 (5% TITNO

) was 2.0  10-9 mol L-1 and 4.2  10-9 mol L-1 for an r value of 
0.16 (15% TITNO

). The value of K obtained at 70 C with an r value of 0.16 was 3.1  
10
-9
 mol L
-1
. 
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For the bulk polymerization of styrene, Fukada et al.
21,22
 reported a K value of  
2.1 10-11 mol L-1 at 125 C with TEMPO used as a mediator. The value of K at 120 and 
123 C for SG1 have been reported as 6.0  10-9 mol L-1 23 and 6.1  10-9 mol L-1 24, 
respectively. Values of K of 2.2  10-9 mol L-1 and 7.5  10-9 mol L-1 were reported for 
BlocBuilder at 115 C 3 and Styryl-TIPNO  at 123 C25, respectively.  
Based on experimental results, values of K in the range 3.1-6.9  10-9 mol L-1 with  
an r value of 0.16 were obtained from the polymerization of styrene mediated by Styryl-
TITNO. Good control of Mn and ƉM was observed with K of 3.1  10
-9
 mol L
-1
  
(at 70 C), which in the range reported in the literature for polymerization of styrene 
mediated by various alkoxyamines (1.110-8- 2.110-11 mol L-1, see Table 4.3) at 
temperatures range 115-125 C.  
 
Table 4.3 Equilibrium constants (K) for various alkoxyamines. 
 
Alkoxyamine Monomer T / C K / mol. L
-1 Reference 
Styryl-TEMPO Styrene 125 2.1  10-11 
21,22 
Styryl-SG1 Styrene 123 6.1  10-9 
24 
 n-Butyl acrylate 125 1.1  10-10 
26 
PS-SG1 Styrene 120 6.0  10-9 
23 
 n-Butyl acrylate 120 1.7  10-10 
23 
BlocBuilder Styrene 115 2.2  10-9 
3 
Styryl-BIPNO Styrene 123 1.1  10-8 
25 
Styryl-TIPNO Styrene 123 7.5  10-9 
25 
Styryl-TITNO Styrene 70 3.1  10-9 (r = 0.16) This work 
 Styrene 90 2.0  10-9 (r = 0.06) This work 
 Styrene 90 4.2  10-9 (r = 0.16) This work 
 Styrene 110 6.9  10-9 (r = 0.16) This work 
 n-Butyl acrylate 90 8.5  10-11 (r = 0.16) This work 
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4.7.2 Kinetics of BA Polymerization 
 
A kinetic study of Styryl-TITNO-mediated polymerization of BA was conducted at  
90 °C in the presence of 15.77 mol% TITNO
 
to Styryl-TITNO. The value of kp[P

] for 
BA at 90 °C was determined from the slope  of  the ln([M]0/[M]) vs t plot shown in 
Figure 4.31a, which gave kpK = 5.0 10
-6
 s
-1
 from the corresponding kp[P

] and an r 
value of 0.16, as presented in Table 4.2. The reaction also give a linear increase in the 
plot of the ln([M]0/[M]) vs t
2/3
(Figure 4.31b). 
 
0
0.2
0.4
0.6
0.8
1
0 1 2 3 4 5 6 7 8
y = 0.01 + 0.11x   R
2
= 0.9956 
ln
([
M
] 0
/[
M
])
t / h
(a)
 
0
0.2
0.4
0.6
0.8
1
0 0.5 1 1.5 2 2.5 3 3.5 4
y = -0.14 + 0.24x   R
2
= 0.9908 
ln
([
M
] 0
/[
M
])
t
2/3 
/ h
(b)
 
Figure 4.31 Plots of (a) ln ([M]0/[M]) vs t and (b) ln ([M]0/[M]) vs t
2/3
 for solution 
polymerizations of BA at 90 °C mediated by Styryl-TITNO with 15.77 mol % TITNO

  
(r = 0.16). 
 
The reported values of K for BA polymerization mediated by PS-SG1 and Styryl-SG1 
were 1.70  10-10 mol L-1 at 120 C 23and 1.1  10-10 mol L-1 at 125 C, respectively.26 
The value of K for BA at 90 C with Styryl-TITNO, calculated using kp = 58840 / L 
mol
-1
 s
-1
, was 8.5  10-11 mol L-1. This value is comparable with literature K values 
obtained from the polymerization of BA mediated by Styryl-SG1 and PS-SG1, as 
shown in Table 4.3. 
 
It can also be seen that the value of K for BA is approximately an order of magnitude 
lower than that of styrene at 90 C with an r value of 0.16 (for which K = 4.2  10-9 mol 
L
-1
). This shows that the equilibrium between dormant and active species in the 
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polymerization of styrene is shifted further towards the active species than that of BA. 
As a result, the stationary concentration of propagating radicals is lower in the case of 
BA polymerization. The higher rate of polymerization observed for BA occurs because 
the value of kp for BA (58840 / L mol
-1
 s
-1
)
 
is much higher than that for styrene (911   
L mol
-1
 s
-1
).  
 
The earlier observation in Section 4.6.1 revealed that a temperature of 90 C seemed to 
be suitable for the polymerization of BA while for good control of styrene 
polymerization lower temperature of 70 C was needed. This could be related to 
differences in kd values. The kd value of alkoxyamine not only depends on nitroxide 
structure, but also depends on a carbon-centered radical produced on dissociation. The 
activation energy (Ea) for the dissociation of an alkoxyamine decreases with increasing 
stability of carbon-centered radical.
20
  
 
It was considered that kd for PS-TITNO would be higher than that for PBA-TITNO and 
probably too high at 90 C for control. Benoit et al. reported that the activation energy  
for the dissociation of PS-SG1 (121 kJ mol 
-1
) was lower than that of PBA-SG1 (130 kJ 
mol 
-1
).
23
 Hence, it is presumed that when the temperature is reduced, control improves 
due to a reduction of kd.  
 
 
4.7.3 Determination of Rate Coefficient for Dissociation (kd) 
 
At elevated temperature, Styryl-TITNO can undergo reversible homolytic cleavage to 
yield free TITNO

 and styryl radicals. The latter will be trapped rapidly by TITNO

 to 
form Styryl-TITNO again. In presence of oxygen, styryl radicals generated from Styryl-
TITNO homolysis should be consumed by oxygen to form a peroxide radical, as 
illustrated in Figure 4.32. This side reaction will compete with the trapping reaction 
between styryl radicals and TITNO

. Since most nitroxide radicals are unreactive 
toward oxygen-centered radicals, the TITNO

 concentration starts to build up and can 
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then be measured as a function of time by EPR spectroscopy. Oxygen was reported to 
be an efficient scavenger for measuring the rate of nitroxide production from 
alkoxyamines via quantitative EPR spectroscopy by many groups.
20,27,28
 Since Styryl-
TITNO was designed to enable polymerization at temperatures below 100 C, 
sufficiently large values of kd for Styryl-TITNO were expected. However, kd should not 
be larger than the desirable values for a successful NMP polymerization which is in the 
range of 10
-3 
to 1 s
-1
.
20,29
 
 
 
 
Figure 4.32 The activation-deactivation equilibrium for NMP in the presence of 
oxygen.
28
 
 
In this work, EPR experiments were performed on a 0.1 mM solution of Styryl-TITNO 
in xylene in the presence of oxygen as the scavenger. The TITNO

 concentration 
generated from the thermolysis of Styryl-TITNO as a function of time was monitored at 
70, 80, 90, and 100 C. The details for EPR analysis are described previously in Section 
3.1.21. The EPR spectrum of TITNO

 in xylene, shown in Figure 4.33, gives three lines 
of approximately equal intensities due to the hyperfine interaction between the unpaired 
electron spin and the nitrogen nuclear spin (g factor  = 2.005 and hyperfine coupling 
constant (aN) = 13.58 G). However, a hyperfine coupling constant for the hydrogen at 
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the -position to the nitroxide (aH) was unresolved. The results show that TITNO

 
concentration continued to increase over time until the maximum concentration was 
reached (Figure 4.34). The rate of TITNO

 production increased with increasing 
temperature. At 70 C, Styryl-TITNO dissociated very fast, reaching the maximum 
concentration within 10 min while about an hour was required at 100 C. 
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Figure 4.33 An EPR spectrum obtained during the thermolysis a 0.1 mM solution of 
Styryl-TITNO in xylene at 90 C. 
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Figure 4.34 Plot of [TITNO

] vs time measured by EPR for a 0.1 mM solution of Styryl-
TITNO in xylene at 70, 80, 90, and 100 C. 
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Bon et al.
28
 reported the use of quantitative EPR to determine values of kd for styrene-
TEMPO alkoxyamine over a range of temperatures (60 to 100 C). The measurements 
were performed without deoxygenating the solutions of sample in toluene. The results 
showed that values of kd measured from the nondegassed solution of samples were in 
good agreement with those obtained from the measurement using radical scavenger. 
This suggests that the amount of oxygen dissolved in the sample solutions was high 
enough to act as efficient scavenger. The Styryl-TITNO thermolysis experiments also 
were performed without deoxygenating the solution of Styryl-TITNO in xylene. Thus, 
Styryl radicals generated from the dissociation of Styryl-TITNO should be trapped by 
oxygen dissolved in the sample solution whereas the concentration TITNO

 increases 
with time. The rate of the Styryl radical loss can be expressed by 
 
]][O[Styryl 
d
]d[Styryl
2oxygent




k
t
     (4.16) 
 
where [Styryl

] and [O2] represent the concentration of Styryl radical and oxygen 
dissolved in the solution of sample in xylene, respectively. kt oxygen represents the rate 
coefficient for Styryl radical being trapped by oxygen. If kt oxygen is consider to be much 
greater than kc (kt oxygen >>> kc), as shown in Figure 4.32. The formation of TITNO

 can 
be treated as a continuous one-way process and the rate of TITNO

 formation is given 
by 
 
              td
t  TITNO][Styryl
d
]d[TITNO


k
t
                   (4.17) 
 
   t0t  TITNO][Styryl TITNO][Styryl ][TITNO 
                  (4.18) 
 
where [TITNO

] is the TITNO

 concentration, [Styryl-TITNO]0 and [Styryl-TITNO]t 
represent the concentration of Styryl-TITNO at time 0  and time t, respectively.  
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The equation 4.18 can be substituted into Equation 4.17 to give a general expression for 
the rate of TITNO

 formation.  
 
                      ) ][TITNO TITNO]([Styryl
d
]d[TITNO
t0d
t 

 k
t
            (4.19) 
 
The resulting equation can be rearranged and integration limits for [TITNO

] of 
[TITNO

]0 and [TITNO

]t to applied give 
 
        



 t
0
d
][TITNO
][TITNO t0
t d
 ][TITNO TITNO][Styryl
]d[TITNO
t
0
tk                             (4.20) 
 
which is solved to give 
                           tkd
][TITNO
][TITNO
t0 
t
0
)][TITNOTITNO]ln([Styryl 


                        (4.21) 
 
                                   tkd
00
t0
)][TITNO TITNO]([Styryl
)][TITNO TITNO]([Styryl
ln 




                      (4.22) 
 
The value of kd was determined from the slope of the first-order kinetic plot 
corresponding to Equation 4.22 (Figure 4.35), as described by Fischer and  
co-workers.
20,30
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Figure 4.35 Plot of ln(([Styryl-TITNO]0 -[TITNO]t)/([Styryl-TITNO]0 - [TITNO]0))  
vs time for a  solution of Styryl-TITNO in xylene at 70, 80, 90, and 100 C. 
 
The values of kd obtained are given in Table 4.4, from which it can be seen that kd  
is strongly dependent on temperature. The values of kd at different temperatures were 
used to estimate the activation energy (Ea) for thermolysis of Stryl-TITNO (Figure 4.36) 
and are in accordance with the Arrhenius equation: 
 
1
-1
12
d s
molJ104.1k
exp102.9 




 

RT
k                                     (4.23) 
 
Table 4.4 Dissociation rate coefficient (kd) values for Styryl-TITNO at different 
temperatures. 
 
Temperature / C kd / s
-1 
70 4.5  10-4  
80 1.0  10-3  
90 3.0  10-3  
100 8.2  10-3  
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Figure 4.36 Arrhenius plot of kd values as a function of the reciprocal of absolute 
temperature for Styryl-TITNO dissociation. 
 
The Ea value of 104.1 kJ mol
-1
 observed for Styryl-TITNO is close to the value reported 
by Lagrille et al. in a previous study of Styryl-TITNO (102.0 kJ mol
-1
)
31
. The pre-
exponential factor (A) observed for Styryl-TITNO was 2.9  1012 s-1, which is lower 
than the average value of A (2.6  1014 s-1)20. This could be because Styryl-TITNO has  
a relatively low value of Ea. The literature values of Ea for various styryl alkoxyamines 
(see Figure 4.37), which have the same leaving radical as Stryl-TITNO, is reported in 
the range of 116-133 kJ mol
-1
, as shown in Table 4.5. 
 
It also has been reported that low values of A were also observed for alkoxyamines 
which have low values of Ea. The A values of 2.0  10
9 
and 2.0  1011 were reported for 
2,2’,5,5’-tetramethyl-1-(1-phenyl-2-tert-butoxyethoxy)pyrrolidine (Ea=104.3 kJ mol
-1
)  
and 2,2’,5-trimethyl-5’-phenyl-1-(1-phenyl-2-tert-utoxyethoxy)pyrrolidine (Ea = 109.8 
kJ mol
-1 
), respectively.
32
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Table 4.5 Activation energy (Ea), pre-exponential factor (A) and dissociation rate 
coefficient (kd) values for different styryl alkoxyamines. 
 
Alkoxyamines T 
/ C 
Ea  
/ kJ mol-1 
A 
/  s-1 
kd 
120 
/ s-1  
kd 
120* 
/ s-1 
Ref. 
Styryl-TEMPO 90-150 133.0 2.5  1014 5.2  10-4  5.6  10-4 
20
 
Styryl-TIPNO 60-131 129.8 5.6  1014 3.3  10-3  1.8  10-3 
20
 
Styryl-SG1 60-137 124.5 1.9  1014 5.5  10-3    7.5  10-3 
20
 
Styryl-DBNO 60-129 121.8 2.2  1014 1.4  10-2  1.7  10-2 
20
 
Styryl-N--Sulfinyl 70-100 116.0 1.6  1013 6.1  10-3  1.0  10-1 
33
 
Styryl-TITNO 70-100 104.1 2.9  1012 4.4  10-2  3.9 This work 
 
* Recalculated kd at 120C with an average frequency factor of 2.6  10
14 s-1. 
 
 
Figure 4.37 Structure of styryl alkoxyamines: 
 
(a) 2,2’,6,6’-tetramethyl-1-(1-phenyl-ethoxy)piperidine 
(b) 2,2’,5-Trimethyl -3-(1-phenylethoxy)-4-phenyl-3-azahexane 
(c) N-(tert-butyl)-N’-(1-diethylphos-phono-2,2’-dimethylpropyl)-O- 
(1-phenylethyl)-hydroxylamine 
(d) N-N’-di-tert-butyl-O-(1-phenylethyl)-hydroxylamine 
(e) 2-Phenyl-2’-(N-tert-butyl-N’-(1-tert-butyl-2-ethylsulfinyl)-propyl 
nitroxide)ethane 
      (f)   2,2’,5-Trimethyl -3-(1-phenylethoxy)-4-tert-butyl-3-azahexane  
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As most literature values of kd for various alkoxyamines were reported at 120 C, the 
calculated kd value for Stryl-TITNO at 120 C, using A = 2.9  10
12
 s
-1 
is 4.4  10-2 s-1. 
If the average A value of 2.6  1014 s-1 is used to recalculate kd, in order to be consistent 
with the literature, a kd value of 3.9 s
-1
 is obtained, which is close to the kd value  
(6.6 s
-1
) observed by Lagrille et al.
31
 However, the observed kd was roughly  
three orders of magnitude higher than the value of kd for the parent Styryl-TIPNO  
(1.8  103 s-1) at 120 C, calculated using an average A value. The reason for this will 
be discussed later in this chapter. 
 
Based on these data, a relatively low Ea value was observed for Styryl-TITNO in 
comparison with other initiators in the literature. This explains why Styryl-TITNO is 
able to control polymerization of styrene at temperatures as low as 70 C. In addition,  
it can also be noticed that kd at 90 C is nearly an order of magnitude higher than at  
70 C. This means that the concentrations of active radicals during initiation are much 
higher at 90 C. As a consequence, a higher rate of irreversible termination of polymer 
chains during the onset of polymerization is expected at 90 C which is consistent with 
the observed effect of temperature on control of styrene polymerization. 
 
Marque and co-workers have shown that Ea values of various alkoxyamine dissociation 
are strongly dependent on the structure of nitroxides and leaving carbon-centred 
radicals.
20
 The strength of the C-O bond in alkoxyamines mainly depends on the 
polarity, steric hindrance and stabilization in both the nitroxide moiety and the leaving 
radical.
34
 A variety of alkoxyamines have been developed based on the Styryl-TIPNO 
skeleton as it is one of the most promising alkoxyamines capable of controlling 
polymerization of both styrene and BA.
35
  
 
Studer and co-workers
36
 investigated the effect of the R
3
substituent in the structure of 
Styryl-TIPNO (see 1 in Figure 4.38) on the Ea of alkoxyamine dissociation, with the 
idea that a larger substituent should give a larger steric repulsion and a lower Ea.  
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A decrease in Ea for dissociation (121.7 kJ mol
-1
)
36
 was observed when the tert-butyl 
group at the R
3 
substituent of Styryl-TIPNO was placed by a more bulky substituent, 
namely, 1,1-diethylpropyl group (see alkoxyamine 3 in Figure 4.38). The destabilization 
of the alkoxyamine C-O bond by introducing hydroxyl substituents capable of 
intramolecular H-bonding with a nitroxide oxygen has been reported by Studer
30
 and 
Hawker
37
.  In contrast, an increase in Ea for dissociation is expected with increasing 
polarity of the nitroxide moiety because electron-withdrawing groups destabilize the 
nitroxyl radical.
20,30
 It can be seen that Ea for alkoxyamine 4 (125.1 kJ mol
-1
) is much 
lower than that for alkoxyamine 5(136.9 kJ mol
-1
).
30
 
 
Lagrille et al.
29
 investigate the effect of the R
1 
substituent in Styryl-TIPNO (see 1 in 
Figure 4.38) on the Ea of C-O bond homolysis by replacing the phenyl group with bulky 
aromatic groups (e.g. tert-butylphenyl, biphenyl, and phenanthryl, see alkoxyamine  
6-8). An increase in steric hindrance at the R
1 
substituent led to a reduction in Ea.  
The lowest value of Ea was observed for alkoxyamine 8 (125.9 kJ mol
-1
). Values of Ea 
and kd for TIPNO-based styryl alkoxyamines are summarised in Table 4.6. 
 
Table 4.6 Activation energy (Ea) and dissociation rate coefficient (kd) values for 
TIPNO-based styryl alkoxyamines. 
 
Alkoxyamine Ea /  kJ mol
-1 kd
* / s-1 ref 
2 129.6 1.6  10-3 
30 
3 121.7 1.8  10-2 
36 
4 125.1 6.2  10-3 
30 
5 136.9 1.7  10-4 
30 
6 127.3 3.2  10-3 
29 
7 129.8 1.5  10-3 
29 
8 125.9 4.8  10-3 
29 
9 104.1 3.9 This  work 
 
* Calculated kd at 120C with an average frequency factor of 2.6  10
14 s-1. 
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Figure 4.38 TIPNO-based styryl alkoxyamines:  
(2)  2,2’,5-Trimethyl -3-(1-phenylethoxy)-4-phenyl-3-azahexane , Styryl-TIPNO  
(3) 1-[1-((1,1-Diethylpropyl) (1-phenylethoxy)amino)-2-methylpropyl]benzene 
(4)  2-Hydroxymethyl-2-[(2-methyl-1-phenylpropyl)(1-phenylethoxy) amino] 
       propan-1,3-diol 
(5) N-(2-Methyl-1-phenylpropyl)-N’-(1-methyl-2,6,7-trioxabicyclo[2.2.2]oct-4-yl)- 
      O-(1-phenylethyl)hydroxylamine 
(6) 2,2’,5-Trimethyl-3-(1-phenylethoxy)-4-(4-tert-butylphenyl)-3-azahexane 
(7) 2,2’,5-Trimethyl-3-(1-phenylethoxy)-4-biphenyl-3-azahexane  
(8) 2,2’,5-Trimethyl-3-(1-phenylethoxy)-4-(9-phenanthryl)-3-azahexane 
(9) 2,2’,5-Trimethyl -3-(1-phenylethoxy)-4-tert-butyl-3-azahexane , Styryl-TITNO 
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Since Styryl-TITNO carries the same leaving carbon-centred radicals as Styryl-TIPNO,  
the difference in Ea values should come from the difference in the nitroxide moiety.  
Styryl-TITNO (Alkoxyamine 9) was obtained by replacing a phenyl group in  
the R
1 
substituent of Styryl-TIPNO with a tert-butyl group. The value of Ea for 
dissociation of Styryl-TITNO (104.1 kJ mol
-1
) is much lower than that of Styryl-TIPNO 
(129.6 kJ mol
-1
). It is believed that a combination of steric and polar effects may be 
mainly responsible for the marked reduction in kd and Ea for Styryl-TIPNO. The steric 
effect is caused by a strain on the C-O bond due to the presence of a tert-butyl group at 
the R
1 
substituent. A tert-butyl group is more bulky than a phenyl group as indicated by 
steric constants (rs), as shown in Table 4.7. The more negative rs is, the larger  
a substituent becomes. Hence, an increase in steric congestion is expected by replacing 
a phenyl group with a tert-butyl group. 
 
Additionally, the polarity of a phenyl group is much higher than that of a tert-butyl 
group, as indicated by a polar constant (σL) in Table 4.7.
38,39
 A positive σL value 
indicates an electron-withdrawing group whereas a negative value indicates an electron-
donating group, with respect to the H-atom as the internal standard (σL = 0). The 
presence of electron-withdrawing groups in the nitroxide moiety appears to strengthen 
the C-O bond and destabilize the nitroxyl radical
20,30
 whereas the opposite effect is 
expected for the present of electron- donating groups. Hence, the replacement of  
a phenyl group in the R
1 
substituent of Styryl-TIPNO with a tert-butyl group not only 
increases a steric stain on the C-O bond, but also reduces the C-O bond strength due to 
the polar effect, which is believed to cause a reduction in values of kd and Ea. 
 
Table 4.7 Individual steric and polar constants. 
 
Group Steric constants (rs) Polar constants (σL) 
tert-butyl -2.46a -0.01c 
Phenyl -1.40b +0.12c 
 
a Individual steric constants from ref.40,41, b Individual steric constants from ref.41 and 
c Individual polar constants from ref.38,39. 
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4.8 Conclusion 
The ability of Styryl-TITNO to control solution polymerizations of BA and styrene 
below 100 C was demonstrated in this chapter. Polymerization temperature was  
proven to be the key parameter for success in Styryl-TITNO-mediated solution 
polymerization. Polymerization of BA showed good control of Mn , ƉM and NT at 90 C. 
The experimental Mn was higher than theoretical values for styrene polymerization  
at 90 C and was accompanied by a reduction in NT early in the reaction. No significant 
improvement in the level of control was observed for styrene polymerization at 90 C 
when the excess TITNO

 was employed. However, good control of styrene 
polymerization was achieved when the polymerization temperature was reduced from 
90 to 70 C. 
 
Livingness of TITNO

-terminated poly(n-butyl acrylate), TITNO-PBA, was 
demonstrated by sequential chain extension with styrene at 90 C to form PBA-b-P(BA-
co-Sty) block copolymers. Living characteristics in these reactions also improved when 
polymerization temperature for growth of the second P(BA/styrene) block was reduced 
to 70 C.  
 
Kinetics studies revealed that the value of K at 90 C for styrene polymerization  
(K = 4.2  10-9 mol L-1) was approximately an order of magnitude higher than that for 
BA (K = 8.5  10-11 mol L-1). These results indicated that the concentration of active 
radicals in the polymerization of BA at 90 C should be much lower than styrene 
polymerization at the same temperature, which explains the better control of BA 
polymerization  at 90 C. EPR results showed that the values of kd for Styryl-TITNO 
depended strongly on temperature. The value of kd for Styryl-TITNO at 90 C was 
approximately an order of magnitude higher than at 70 C. A decrease in 
polymerization temperature would lead to a decrease in values of both kd and K, which 
subsequently resulted in a lower concentration of active radicals in the polymerization. 
Thus, the level of control over the polymerization was expected to improve with 
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decreasing polymerization temperature. Based on these observations, it can be 
concluded that the value of K for styrene polymerization at 90 C was probably too high 
for mediation of controlled polymerization. As a result, a lower temperature of 70 C 
was required for achieving control in solution polymerization of styrene. 
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5 Miniemulsion Polymerizations Mediated by Styryl-TITNO 
 
5.1 Introduction 
Studies of solution polymerization, reported in Section 4.6, have shown that Styryl-
TITNO is capable of controlling polymerizations of both BA and styrene at 
temperatures below 100 C. Those results reveal the potential to conduct water-based 
polymerization systems (e.g., emulsion and miniemulsion polymerizations) under 
atmospheric pressure using Styryl-TITNO as a unimolecular initiator. In this chapter, 
the efficiency of Styryl-TITNO in controlled miniemulsion polymerizations of  
both BA and styrene was investigated at 90 C. The feasibility of synthesising poly 
(n-buyl acrylate)-block-polystyrene in miniemulsion polymerization was demonstrated 
by chain extension of poly(n-butyl acrylate) macroinitiator (TITNO-PBA) with styrene. 
5.2 Materials 
n-Butyl acrylate (BA) and styrene were purified by distillation under vacuum on  
a vacuum line and then dried at 4 °C over anhydrous calcium sulphate (CaSO4) for 16-
18 h from which it was separated by filtration before use. Dowfax 8390 (a disulfonated 
alkyl diphenyl oxide sodium salt) and hexadecane were used as stabiliser and  
co-stabiliser, respectively. L-Ascorbic acid (L-AA) and L-ascorbic acid 6-palmitate  
(L-AAP) were used as nitroxide scavengers. 1,1’-Azobis-(cyclohexanecarbonitrile) 
(Vazo 88) was used as a source of thermally radical generator. Ethyl acetate was used as 
a solvent for the isolation of PBA-TITNO. Apart from the monomers, all chemicals 
were used as received. Purities and suppliers of all chemicals used for the work reported 
in this chapter are listed below in Table 5.1.  
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Table 5.1 List of all chemicals used in this chapter. 
Chemical Supplier Purity 
Monomer   
n-butyl acrylate Sigma-Aldrich Co. Ltd 99% 
Styrene Sigma-Aldrich Co. Ltd 99% 
Solvent   
Ethyl acetate Sigma-Aldrich Co. Ltd 99% 
Methanol Sigma-Aldrich Co. Ltd 99% 
Tetrahydrofuran Sigma-Aldrich Co. Ltd 99% 
Anisole Sigma-Aldrich Co. Ltd 99% 
Other chemicals   
Dowfax 8390 Dow Chemical Ltd 75% in Water 
Calcium sulphate  Sigma-Aldrich Co. Ltd 99% 
Hexadecane Sigma-Aldrich Co. Ltd 99% 
Ascorbic acid Sigma-Aldrich Co. Ltd 99% 
L-ascorbic acid 6-palmitate Sigma-Aldrich Co. Ltd 99% 
1,1’-azobis-(cyclohexanecarbonitrile) Sigma-Aldrich Co. Ltd 98% 
 
5.3 General Methods 
The z-average particle size of miniemulsion droplets and latex particles was measured 
by photon correlation spectroscopy (PCS) using a Brookhaven light scattering 
instrument equipped with a 20 mW HeNe laser (632.8 nm) and a BI-9000AT digital 
correlator. The number-average molecular weight (Mn) and molecular weight 
distribution (MWD) were determined by gel permeation chromatography (GPC) using 
Phenogel columns (500, 5  104 and 5  106 Å, in series) connected to a Shodex RI-101 
differential refractometer. Calibration was performed using polystyrene standards 
obtained from Polymer Laboratories Ltd. (UK). GPC measurements were carried out at 
room temperature using tetrahydrofuran (THF) as an eluent with a flow rate of 1ml/min. 
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Monomer conversion was measured gravimetrically. A latex sample ( 5 cm3) was 
taken from the reaction using a 10 cm
3
 plastic syringe fitted with a 15.24 cm stainless 
steel needle through a rubber septum at selected time intervals. The latex sample was 
transferred into a pre-weighed 10 cm
3
 vial and the vial was then placed in an ice/water 
bath to quench the polymerization. The latex sample ( 1.5 g) was weighed accurately 
into a pre-weighed 10 cm
3
 vial. The vial containing sample was then allowed to dry in  
a fume cupboard overnight at room temperature before being placed in an oven at 70 C 
to a constant weight. 
The conversion of monomer to polymer was determined based on the solid content of 
the sample. However, the sample taken from the polymerization contains not only 
polymer, but also other non-volatile materials (e.g. surfactant, co-stabiliser, and 
initiator). Thus, the actual solid content of the sample was obtained by subtracting the 
solid content contributed by the other non-volatile materials. The monomer conversion 
was calculated using the following equation: 
100%Conversion
ltheoretica
measure 








S
S
    (5.1) 
where Smeasure and Stheoretical are the measure solid content and the theoretical solid 
content (based on 100% conversion of monomer to polymer). 
 
5.4 Experimental 
5.4.1 Miniemulsion Polymerization of BA 
Styryl-TITNO and hexadecane were first dissolved in BA. The organic phase was  
then mixed with a solution of Dowfax 8390 in deionised water under magnetic  
stirring for 30 min (see formulation 1 in Table 5.2). The resulting mixture was sonified 
using a Cole-Parmer (750-Watt, 20 kHz) Ultrasonic Processor equipped with  
a CV33 ultrasonic converter and a 13 mm probe at 40% amplitude for 20 min.  
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The miniemulsion was transferred into a 100 ml three-necked round-bottomed flask and 
purged with nitrogen for 1 h. After that, the flask was placed on a preheated oil bath at 
90 °C, which was placed on a magnetic hotplate stirrer (IKA RCT  classic) equipped 
with an electronic contact thermometer (VT-5 with a measuring accuracy of  2 K ), 
and stirred with a magnetic stirrer at 400 rpm for the required time. 
Table 5.2 Formulations for miniemulsion polymerization of BA at 90 °C with and 
without L-AA. 
Formulation  1 2 3 
Aqueous phase Deionised water / g 52.07  50.37  52.46  
 Dowfax 8390 (75% active)  / g 1.12  1.30  1.42  
Organic phase BA / g 5.19  5.25  5.29  
 Hexadecane / g 0.32  0.31 0.33 
 Styryl-TITNO / g 0.1447  0.1302 0.1550 
 L-AA / g - 0.15 0.47 
z-Average particle diameter before polymerization / nm 113 115 105 
z-Average particle diameter after polymerization / nm 142 134 125 
 
5.4.1.1 Miniemulsion Polymerization of BA with Addition of L-Ascorbic Acid 
(L-AA) 
The same procedure as described in Section 5.4.1 was used for miniemulsion 
preparation.  The miniemulsion was prepared using the formulations 2 and 3, as given 
in Table 5.2. A solution of L-AA in 5 ml of deionised water was first prepared, which 
for this experiment corresponds to 2.0 and 5.25 molar ratios of L-AA to Styryl-TITNO. 
The aqueous solution of L-AA was then fed into the reaction at the beginning of 
polymerization, at a rate of 2 ml/h. The polymerization was carried out in a preheated 
oil bath at 90 C under magnetic stirring at 400 rpm for the required time. 
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5.4.1.2 Solution Polymerization of BA with Addition of L-Ascorbic Acid  
6-Palmitate (L-AAP) 
A solution of Styryl-TITNO (0.2048 g, 0.67 mmol) in anisole (7.49 g) was prepared in  
a 50 ml Schlenk tube. L-AAP (12.90 mg, 4.64 mol% to Styryl-TITNO) was first 
dissolved in BA (7.49 g, 58.43 mmol, corresponding to a 87:1 molar ratio to Styryl-
TITNO) and the resulting mixture solution was then transferred into the Schlenk tube. 
The contents were mixed under magnetic stirring for 5 min before the Schlenk tube was 
attached to a vacuum line and degassed using three freeze-pump-thaw cycles. The tube 
was sealed under nitrogen before being placed in a preheated oil bath at 90 °C under 
magnetic stirring at 400 rpm for the required time. 
 
5.4.1.3 Miniemulsion Polymerization of BA with Addition of L-AAP 
Dowfax 8930 was first dissolved in deionised water to form an aqueous phase. Styryl-
TITNO, hexadecane and L-AAP were pre-dissolved in BA and added to the aqueous 
phase. The mixture was mixed under magnetic stirring for 30 min prior to sonification 
to form miniemulsion. The miniemulsion was prepared using the same procedure as 
decribed in Section 5.4.1. The polymerization was conducted in a preheated oil bath  
at 90 C under magnetic stirring at 400 rpm for the required time.  
In this experiment, two different molar ratios of monomer:Styryl-TITNO were 
employed (i.e., 300:1 and 100:1) and the polymerizations were performed in the 
presence of three levels of L-AAP (i.e., 17.30, 5.36, and 2.70 mol% relative to Styryl-
TITNO), as shown in formulations 1-3 in Table 5.3). 
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Table 5.3 Formulations for miniemulsion polymerization of BA and styrene in the 
presence of L-AAP at 90 C. 
Formulation  1 2 3 4 5 
Aqueous 
phase 
Deionised water / g 51.07 61.70  51.45  51.01 52.79 
 Dowfax 8390 (75% active)  / g 1.49 1.46  1.43 1.54 1.55 
Organic phase BA / g 6.79 6.45  6.53  - - 
 Styrene / g - - - 5.48 5.26 
 Hexadecane / g 0.29 0.34 0.31 0.34 0.31 
 Styryl-TITNO / g 0.0541  0.1547 0.1508 0.1570 0.1464 
 L-AAP / mg 12.70 11.25 5.53 12.72 11.63 
z-Average particle diameter before polymerization / nm 116 112 96 116 122 
z-Average particle diameter after polymerization / nm 137 141 122 157 152 
 
5.4.2 Miniemulsion Polymerization of Styrene with Additional L-AAP 
The same procedure as described in Section 5.4.1.3 was used for miniemulsion 
preparation. The miniemulsion was prepared using the formulations 4 and 5, as given in 
Table 5.3. Miniemulsion polymerization of styrene was performed in the presence of  
5 mol% of L-AAP relative to Styryl-TITNO at two different temperatures (70 and  
90 C) in a preheated oil bath under magnetic stirring at 400 rpm for the required time. 
 
5.4.3 Test for Livingness of TITNO-Terminated Poly (n-Butyl Acrylate)  
(TITNO-PBA) 
5.4.3.1 Preparation of TITNO-PBA 
Two batches of TITNO-PBA were prepared by miniemulsion polymerizations of BA 
using Styryl-TITNO as a unimolecular initiator. The same procedure as described in 
Section 5.4.1.3 was employed for miniemulsion preparation, using the formulations 
given in Table 5.4. The polymerization was performed at a preheated oil bath at 90 C 
under magnetic stirring at 400 rpm for 3.5 h. 
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After the reaction was complete, the latex was cooled to room temperature in an 
ice/water bath. The latex then was diluted with a brine solution (400 ml) before being 
mixed with ethyl acetate (400 ml) under magnetic stirring. The mixture was kept 
stirring for 1 h. The organic layer was immediately collected and dried over anhydrous 
magnesium sulphate. Finally, the majority of the ethyl acetate was then removed at 
room temperature using a rotary evaporator connected to a vacuum pump. The TITNO-
PBA obtained was dried in a vacuum oven until a constant weight was reached. 
After being dried, TITNO-PBA with Mn of 4381 and molecular weight dispersity (ƉM) 
of 1.22 was attained from the first batch of the polymerization while the second batch 
yielded TITNO-PBA with Mn of 4145 and ƉM of 1.19.  
Table 5.4 Formulations for the preparation of TITNO-PBA via miniemulsion 
polymerization in the presence of L-AAP at 90 C for 3.5 h. 
Formulation  1 2 
Aqueous phase Deionised water / g 101.89 100.59  
 Dowfax 8390 (75% active)  / g 3.07 3.25  
Organic phase BA / g 10.64 10.71 
 Hexadecane / g 0.63 0.63 
 Styryl-TITNO / g 0.2902 0.2824 
 L-AAP / mg 20.12 21.60 
z-Average particle diameter before polymerization / nm 106 86 
z-Average particle diameter after polymerization / nm 123 112 
 
5.4.3.2 Chain Extension of TITNO-PBA with Styrene in Solution Polymerization 
TITNO-PBA (1.94 g, 0.44 mmol) was first dissolved in anisole (7.24 g). The resulting 
mixture solution was then mixed with styrene (7.24 g, 69.51 mmol) in a 50 ml Schlenk 
tube, the amount of styrene used corresponding to a 156:1 molar ratio to TITNO-PBA. 
The mixture was degassed with three freeze-pump-thaw cycles using a vacuum line. 
The Schlenk tube was then sealed under nitrogen before being placed in a preheated oil 
bath at 90 °C under magnetic stirring at 400 rpm for the required time. 
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5.4.3.3 Chain Extension of TITNO-PBA with Styrene or BA in Miniemulsion 
Polymerization  
An organic phase was first prepared by dissolving TITNO-PBA, hexadecane, and 
nitroxide scavenger (L-AAP or 1,1’-azobis-(cyclohexanecarbonitrile), Vazo 88) in 
monomer. The organic phase was then mixed with a solution of Dowfax 8390 in 
deionised water under magnetic stirring for 30 min prior to sonification to form 
miniemulsion. The miniemulsion was prepared using the same procedure as described 
in Section 5.4.1.  
The chain extension experiments of TITNO-PBA with styrene were carried out in the 
presence of either L-AAP (formulation 1) or Vazo 88 (formulation 2), as shown in Table 
5.5. The formulation used for chain extension of TITNO-PBA with BA is given in 
formulation 3 in Table 5.5. The chain extensions of TITNO-PBA with both styrene and 
BA were conducted at 90 C under magnetic stirring at 400 rpm for the required time. 
Table 5.5 Formulations for the chain extension of TITNO-PBA with styrene or BA in 
miniemulsion polymerization at 90 C. 
Formulation  1 2 3 
Aqueous phase Deionised water / g 52.71 50.91 50.78 
 Dowfax 8390 (75% active)  / g 1.55 1.90 1.50 
Organic phase Styrene 5.20 5.34 - 
 BA / g - - 5.62 
 Hexadecane / g 0.17 0.25 0.22 
 TITNO-PBA / g 1.21 1.90 1.28 
 L-AAP / mg 5.71 - 9.70 
 Vazo 88 / mg - 8.42 - 
z-Average particle diameter before polymerization / nm 96 110 102 
z-Average particle diameter after polymerization / nm 118 120 115 
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5.5 Results and Discussion 
5.5.1 Synthesis of Poly (n-Butyl Acrylate) in Miniemulsion Polymerization 
Unlike homogeneous systems, nitroxide water solubility plays an important role in 
controlled miniemulsion polymerizations as it influences the partitioning of nitroxide 
between aqueous and organic phases. Styryl-TITNO is a new hydrophobic alkoxyamine 
designed to minimize partitioning into the aqueous phase. The feasibility of using 
Styryl-TITNO in dispersed systems was first evaluated in controlled miniemulsion 
polymerizations of BA at 90 °C. 
Figure 5.1 shows the evolution of molecular weight distribution (MWD) for 
miniemulsion polymerization of BA. It can be seen that the miniemulsion 
polymerization of BA could be performed at 90 °C under atmospheric pressure. 
However, the polymerization proceeded to about 21% conversion, then seemed to be 
very retarded after 3 h. The isolated poly(n-butyl acrylate) (PBA) was found to have  
a slightly higher number-average molecular weight (Mn exp = 3716) than the theoretical 
value (Mn th = 3333) with a low molecular weight dispersity (ƉM) of 1.17. 
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Figure 5.1 Evolution of MWD with time for miniemulsion polymerization of BA at  
90 °C mediated by Styryl-TITNO.  
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A possible explanation for this observation would be build-up of free nitroxide due to 
termination reactions occurring over the course of the polymerization. When 
alkoxyamines are used as an initiating species in systems for which thermal 
polymerization does not exist (i.e., the polymerization of BA), the number of polymer 
chains can be controlled by the initial moles of the alkoxyamines. Assuming initiation 
efficiency is close to 1, the number of polymer chains should be equal to the number of 
initial moles of the alkoxyamines. Therefore, every polymer chain should be capped 
with nitroxide to form dormant species that can reversibly dissociate to give polymer 
chains and nitroxide radicals. However, some polymer chains can undergo bimolecular 
termination, resulting in a build-up of free nitroxide, as illustrated in Figure 5.2. 
 
Figure 5.2 A build-up of free nitroxide in a particle due to bimolecular termination 
reactions, where T  represents molecules of TITNO,  and  represent molecules of 
monomer and initiating species, respectively.  
Cunningham and Lin
1
 suggested that the three main termination reactions involved in 
the formation of dead polymer chains and free nitroxide in NMP are combination, 
disproportionation, and alkoxyamine disproportionation (see Figure 5.3). However, the 
major mechanism responsible for the loss of active chains is alkoxyamine 
disproportionation, which involves hydrogen atom abstraction from growing chains by 
nitroxide radicals, giving dead chains with unsaturated chain ends and hydroxylamines. 
Additionally, it has been reported by many groups
2-4
 that growing chains can reversibly 
abstract hydrogen atoms from the resulting hydroxylamines to give dead chains and 
nitroxide radical. 
 
Termination 
T T T T 
T T T 
T 
T 
T 
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Figure 5.3 Possible major mechanisms involved in the formation of dead polymer 
chains and free nitroxide in NMP via combination, disproportionation, and alkoxyamine 
disproportionation. R-M

 represents growing chains, R-M-M-R and R-M= represent 
dead polymer chains and dead polymer chains with unsaturated end groups, 
respectively. kd is the rate coefficient for dissociation and kc is the rate coefficient for 
combination (applied from Ma et al.).
4
  
A majority of free TITNO

 generated by bimolecular terminations are expected to stay 
inside particles as a result of the hydrophobic skeleton. When the concentration of free 
nitroxide is greater than those of the active species, the equilibrium is strongly driven 
towards the dormant species. Since the value of rate coefficient for dissociation (kd) is 
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much lower than that for combination (kc), the accumulation of free nitroxide in the 
particles leads to a reduction in the concentration of active species which brings about 
a decrease in the rate of polymerization or an inhibition of polymerization.  
 
5.5.1.1 The Effect of L-AA on Miniemulsion Polymerization of BA  
Since thermal self-initiation does not exist in the polymerization of BA
5
, additives that 
could react with nitroxide need to be added in order to control free nitroxide levels in 
the system. Camphorsulfonic acid (CSA)
6
 has been shown to be an effective nitroxide 
scavenger which can be used for enhancing the rate of polymerization in bulk NMP. 
However, the efficiency of CSA in accelerating the rate of polymerization seems to be 
diminished in miniemulsion polymerizations due to its partitioning between the aqueous 
and organic phases.
7
 Another rate-enhancing additive which has been reported to be 
effective in miniemulsion polymerizations is L-ascorbic acid (L-AA). Georges et al.,
5,8
 
demonstrated that TEMPO-mediated miniemulsion polymerization of  BA could be 
performed at 135 °C by continuously feeding a solution of L-AA in water throughout the 
course of polymerization. 
The effect of L-AA on miniemulsion polymerization of BA mediated by Styryl- TITNO
  
was investigated at 90 °C using two concentrations of L-AA in deionised water, 
corresponding to 2.0 and 5.25 molar ratios of L-AA to Styryl-TITNO. The solution of 
L-AA in deionised water was fed into the reaction at the start of polymerization. 
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As shown in Figure 5.4, the reactions with the addition of L-AA gave a higher 
conversion compared to the reaction without it present. However, an increase in the 
concentration of L-AA from 2.0 to 5.25 molar ratios of L-AA to Styryl-TITNO did not 
significantly improve the final conversion as the polymerization seemed to be severely 
retarded after 5 h, achieving about 40% conversion. 
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Figure 5.4 Plot of percent conversion vs time for miniemulsion polymerization of BA  
at 90 °C with the addition of 2.0 and 5.25 molar ratios of L-AA to Styryl-TITNO. 
Figure 5.5 shows the evolution of Mn with conversion for the polymerization of BA 
with different levels of L-AA addition. An increase in Mn with conversion was observed 
and there is reasonable agreement with the theoretical values for both reactions. 
However, it can be noticed that ƉM started to increase when the polymerization was 
likely to be retarded (i.e., after 3 h of polymerization), as shown in Figure 5.6. This 
observation implies that polymer chains started to grow unequally, as indicated by  
an increase in ƉM, before the polymerization was severely suppressed by free nitroxide. 
It is speculated that the accumulation of free nitroxide in the particles was probably 
responsible for the slow down in growth of polymer chains. 
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A noticeable shift of MWDs towards higher molecular weight with time was observed 
clearly in the first 3 h of the polymerizations (Figure 5.7) for both reactions, indicating 
the good livingness of the polymer chains. However, a further increase in reaction time 
brought about a broadening of MWDs before the polymerizations being severely 
suppressed. 
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Figure 5.5 Plot of number average molecular weight (Mn) vs conversion for 
miniemulsion polymerization of BA at 90 °C with the addition of 2.0 and 5.25 molar 
ratios of L-AA to Styryl-TITNO. 
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Figure 5.6 Plot of ƉM vs conversion for miniemulsion polymerization of BA at 90 °C 
with the addition of 2.0 and 5.25 molar ratios of L-AA to Styryl-TITNO. 
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It is should be noted that 96:1 and 81:1 molar ratios of BA to Styryl-TITNO were used 
for the polymerizations performed with 2.0 and 5.25 molar ratios of L-AA to Styryl-
TITNO, respectively. That is the explanation why PBA with higher molecular weight 
was obtained from the reaction with the addition of 2.0 molar ratio of L-AA to Styryl-
TITNO. 
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Figure 5.7 Evolution of MWD with time for miniemulsion polymerization of BA at  
90 °C with the addition of (a) 2.0 and (b) 5.25 molar ratios of L-AA to Styryl-TITNO. 
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Figure 5.8 shows the total number of moles of polymer chains (NT) for the reactions in 
the presence of 2.0 and 5.25 molar ratios of L-AA to Styryl-TITNO. It can be seen that 
NT observed early in the polymerization was slightly lower than the theoretical values 
for both reactions. However, NT tended to increase with an increase in ƉM. Since NT per 
gram of PBA at a particular conversion was estimated based on the experimental Mn 
from GPC analysis (as previously described in Section 4.4.1, Equation 4.6),  
a broadening in MWD would have an effect on the estimated value of NT. It is 
considered that the accuracy of NT calculation reduces as the MWD becomes broader. 
Hence, it is anticipated that the values of NT estimated before the polymerization being 
severely suppressed would have been affected by a broadening of MWD. 
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Figure 5.8 Plot of total number of moles of polymer chains (NT) vs conversion for 
miniemulsion polymerization of BA at 90 °C with the addition of (a) 2.0 and  
(b) 5.25 molar ratios of L-AA to Styryl-TITNO. 
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Although L-AA is reported to be an effective rate-enhancing reagent in TEMPO-
mediated miniemulsion polymerizations, the mechanism of reaction between L-AA and 
TEMPO is not well understood. Additionally, the effectiveness of L-AA in accelerating 
the rate of polymerization is only observed in a limited concentration range, as shown 
by Cunningham and co-workers in TEMPO-mediated miniemulsion of styrene.
9
 
Ma et al. reported that TEMPO could undergo very fast diffusion between aqueous and 
organic phases under miniemulsion NMP conditions.
10
 Cunningham also postulated that 
the reaction between L-AA and TEMPO was limited by particle surface area, since  
L-AA tended to react preferentially with TEMPO which was located at or being 
adsorbed at the particle-water interface.
11
 This speculation was consistent with the 
finding reported by Okubu and co-workers that TEMPO was favourably situated near or 
at the particle-water interface.
12-14
  
 
One of the major differences between TEMPO and TITNO is their water solubility.  
A solubility test was performed to demonstrate the difference in their solubility in 
water. Solutions of TEMPO (5.20  10-3 M) and TITNO (5.45  10-3 M) in water were 
prepared and left stirring with a magnetic stirrer at room temperature for 18 h. The 
resulting solutions were then analyzed by UV-vis spectrophometer, as previously 
described in Section 3.1.6.1). The solution of TEMPO in water showed an absorption 
peak at 425 nm (see Figure 5.9) whereas no UV absorption spectrum was observed for 
the solution of TITNO

 in water. Hence, as expected, TITNO

 is much less water-
soluble than TEMPO because of its hydrophobic skeleton. Additionally, different 
concentrations of TITNO

 solution in BA were prepared and analyzed by UV-vis 
spectrophometer. The absorption peak of TITNO

 in BA was observed at 448 nm 
(Figure 5.10). The results also show that the limit of detection of TITNO

 in BA was  
< 5  10-3 M. Based on this basis, the solubility of TITNO in water should be less than 
5  10-3 M because it cannot be detected by UV-vis spectrophometer. 
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Figure 5.9 UV-vis spectrum of TEMPO in water at 425 nm. 
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Figure 5.10 UV-vis spectrum of different concentrations of TITNO

 in BA at 448 nm. 
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L-AA is believed to react with TITNO
 
to form hydroxylamines, via the mechanism 
presented in Figure 5.11. Since the TITNO

 skeleton is much more hydrophobic than 
that of TEMPO, it is speculated that free TITNO

 generated by termination reactions 
would stay mostly in the miniemulsion droplets and only a small amount of TITNO

 is 
expected to partition into the aqueous phase or reside near the interface. Ma et al. also 
reported that the partitioning of nitroxide into the aqueous phase decreased as the 
nitroxide structure became more hydrophobic.
15
 This could possibly be the reason why 
the use of L-AA to control the accumulation of free nitroxide in the particle is less 
effective for TITNO

 than for TEMPO. 
 
 
Figure 5.11 A possible mechanism of the reaction between L-AA and TITNO
 
(adopted 
from Paleos).
16
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5.5.1.2 The Effect of L-Ascorbic Acid 6-Palmitate on Solution Polymerization  
of BA  
Based on the results from the L-AA studies, the water solubility of a nitroxide scavenger 
is likely to be an important factor in controlling the level of free TITNO

 in the system. 
L-Ascorbic acid 6-palmitate (L-AAP), a derivative of L-AA (Figure 5.12), is reported to 
be less water-soluble than L-AA and to be able to dissolve in BA.
5
 Therefore, it was 
chosen as a substitute for L-AA and had to be added directly into an organic phase 
before polymerization.  
 
Figure 5.12 Structure of L-ascorbic acid 6-palmitate (L-AAP).  
A main issue that needs to be considered is the presence of L-AAP at the beginning of 
polymerization. L-AAP would not only react with the free nitroxide generated from 
termination reactions, but also with the initial nitroxide. If the concentration of nitroxide 
decreases dramatically, it would lead to a deficiency of nitroxide for mediation of the 
polymerization, causing a decrease in the level of control of Mn and ƉM. As reported by 
Georges, et al.
6
, a rise in ƉM was observed when the concentration of CSA was 
increased (in the range of 4.5-36 mM) for TEMPO-mediated bulk polymerization of 
styrene.  
It was crucial to first investigate the effect of L-AAP in homogeneous systems. From the 
preliminary solubility test, it was found that the solubility limit of L-AAP in BA was 
roughly 5 mM. Therefore, solution polymerization of BA mediated by Styryl-TITNO 
was performed at 90 °C in the presence of 4.64 mol% of L-AAP to Styryl-TITNO. The 
results obtained were then compared with those from the reaction conducted without  
L-AAP, previously reported in Section 4.6.1, Chapter 4. It should be noted that the 
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molar ratios of BA:Styryl-TITNO were 87.10:1 and 102.54:1 for the polymerization 
conducted with and without L-AAP, respectively. In addition, the polymerization with  
L-AAP was performed at 20 g scale, while a 30 g scale was used for the polymerization 
without L-AAP. 
The effect of L-AAP on the conversion is shown in Figures 5.13. The presence of  
L-AAP resulted in a dramatic increase in conversion at a particular time, indicating that 
only a small fraction of TITNO
 
was consumed by L-AAP. After 3 h of polymerization, 
84% conversion was achieved for the polymerization with L-AAP, whereas a conversion 
of 63% conversion was attained for the reaction without it present.  
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Figure 5.13 Plot of conversion vs time for solution polymerization of BA at 90 °C with 
and without 4.64 mol% of L-AAP to Styryl-TITNO.  
Rate of polymerization was estimated from the plot of ln([M]0/[M]) vs t of the reactions 
performed with and without L-AAP since the slope of the corresponding plot in the 
linear region represents the apparent rate constant (kp[P

]). Faster rate of polymerization 
was observed for the reaction with the addition of L-AAP, as shown in Figure 5.14a. 
The values of kp[P

] obtained from the reactions with and without L-AAP were 0.50 and 
0.31 s
-1
, respectively, higher values corresponding to higher rate of polymerization. 
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Figure 5.14 Plots of ln([M]0/[M]) vs t and ln([M]0/[M]) vs t
2/3
 for solution polymeri-
zation of BA at 90 °C with and without 4.64 mol% of L-AAP to Styryl-TITNO. 
It can be seen from Figure 5.14 that the plots of both ln([M]0/[M]) vs t and ln([M]0/[M]) 
vs t
2/3
 give similar quality fits to the data for BA polymerization with the presence of  
L-AAP, as indicated by the values of the correlation coefficient (R
2
). The values of R
2
 
obtained from the plots of ln([M]0/[M]) vs t and ln([M]0/[M]) vs t
2/3
 were 0.9687 and 
0.9657, respectively. However, the linear line extrapolated from the plot of ln([M]0/[M]) 
vs t is closer to the origin than that obtained from the plot of ln([M]0/[M]) vs t
2/3
.  
On this basis, it is reasonable to conclude that the plot of ln([M]0/[M]) vs t give a better 
fit to the data of BA polymerization with the presence of L-AAP. 
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The PRE theory considers that persistent nitroxide radicals do not undergo termination 
and the concentration of nitroxide in the system is predicted to increase following a 1/3 
order dependence on time, as previous described in Section 2.5.2. However, this 
experiment was conducted in the presence of L-AAP so that the proportion of nitroxide 
was expected to be scavenged by L-AAP. Thus, the change in the concentration of 
nitroxide in this reaction would be affected by the presence of L-AAP. This may be the 
reason why extrapolation for the plot of ln([M]0/[M]) vs t
2/3
gives line that does not pass 
through the origin under these conditions. 
It is anticipated that the higher rate of polymerization is probably due to the lower level 
of TITNO

 in the system since a small amount of TITNO

 is expected to be consumed 
by L-AAP. Hence, the equilibrium of the reaction in the presence of L-AAP would be 
shifted further towards the active species than that of the reaction without it present.  
A rise in the concentration of active species will consequently lead to an increase in the 
rate of polymerization.  
It also can be seen that the Mn observed early in the polymerization was higher than the 
theoretical values (i.e., below 80% conversion) for the reaction with L-AAP, indicating  
a reduction in the number of active chains (Figure 5.15). Additionally, ƉM also 
increased with conversion in the presence of L-AAP, whereas the opposite effect was 
observed for the polymerisation conducted without L-AAP, as presented in Figure 5.16.  
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Figure 5.15 Plot of Mn vs conversion for solution polymerization of BA at 90 °C with 
and without 4.64 mol% of L-AAP to Styryl-TITNO.  
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Figure 5.16 Plot of ƉM vs conversion for solution polymerization of BA at 90 °C with 
and without 4.64 mol% of L-AAP to Styryl-TITNO. 
Figure 5.17 shows the evolution of MWDs with time for the reaction in the presence 
and absence of L-AAP. A shift of MWDs towards a higher molecular weight with time 
indicates growth of polymer chains in a living manner for both reactions. However,  
a broadening of the MWDs at high conversion (i.e., > 80% conversion) was observed 
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for the polymerization with L-AAP (Figure 5.17a) which was probably because of 
bimolecular termination. As the concentration of monomer decreases with increasing 
conversion, there is more chance for growing chains to undergo bimolecular 
termination.  
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Figure 5.17 Evolution of MWDs with time for solution polymerization of BA at 90 °C 
(a) with and (b) without 4.64 mol% of L-AAP to Styryl-TITNO.   
Figure 5.18 shows NT for the reaction with and without the addition of L-AAP.  
As expected, the experimental NT was lower than the theoretical values for the 
polymerization in the presence of L-AAP while NT remained more or less constant for 
the reaction without L-AAP. However, a rise in NT at high conversion (i.e., > 80% 
conversion) for the reaction with L-AAP is speculated to be a consequence of  
a broadening in MWD at high conversion. 
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Figure 5.18 Plot of NT vs conversion for solution polymerization of BA at 90 °C with 
and without 4.64 mol% of L-AAP to Styryl-TITNO. 
Although a relatively high ƉM was observed at high conversion (i.e., ƉM of 1.27 at 
92.34% conversion), L-AAP was able to accelerate the rate of the polymerization, 
achieving 84% BA conversion within 3 h. This result suggests that there is a potential 
for L-AAP to be used as a nitroxide scavenger in miniemulsion polymerization. The 
reaction between L-AAP and nitroxide is not well understood. However, it is believed 
that L-AAP would react with nitroxide via a disproportionation reaction in the same way 
as L-AA because they both contain an ene-diol functional group. 
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5.5.1.3 The Effect of L-AAP on Miniemulsion Polymerization of BA  
From the preliminary study in solution polymerization, L-AAP was shown to be  
an effective nitroxide scavenger. In this study, three different miniemulsion 
polymerizations were carried out at 90 °C in the presence of L-AAP. The first two 
miniemulsion polymerizations were carried out with two different levels of L-AAP (2.70 
and 5.36 mol% of L-AAP to Styryl-TITNO) at a fixed molar ratio of 100:1 BA:Styryl-
TITNO. The other miniemulsion polymerization was conducted using a 300:1 molar 
ratio to Styryl-TITNO in the presence of 17.30 mol% of L-AAP to Styryl-TITNO. 
L-AAP was added into the miniemulsion polymerization of BA by pre-dissolving it in 
the monomer before miniemulsion preparation. 
As previously discussed, miniemulsion polymerization of BA could not be performed 
successfully to high conversion due to the accumulation of free nitroxide generated by 
bimolecular terminations in the system. With the presence of L-AAP, a higher 
conversion was achieved compared to the polymerization without L-AAP (Figure 5.19). 
This suggested that a small portion of nitroxide which could be from either free 
nitroxide generated from bimolecular termination or initial nitrioxide dissociated from 
Styryl-TITNO was probably scavenged by L-AAP.  
An increase in the concentration of L-AAP also resulted in an increase in the final 
conversion. The polymerization conducted with 5.36 mol% of L-AAP proceeded to 
about 48% conversion after 5 h, while 37% conversion was attained for the reaction 
with 2.70 mol% of L-AAP at the same polymerization time. However, a steep increase 
in conversion was observed in the first 3 h and the polymerization seemed to be 
severely retarded after 5 h for both reactions.  
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Small amounts of nitroxide are expected to be consumed by L-AAP, which most likely 
contributes to a fast rate of polymerization in the early stages of polymerization.  
As polymerization proceeds, the concentration of nitroxide is expected to build-up to 
the point where the equilibrium of the reaction is driven forwards the dormant species. 
A decrease in the rate of polymerization is a consequent result.  
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Figure 5.19 Plot of conversion vs time for miniemulsion polymerization of BA at 90 °C 
with and without L-AAP.  
When a 300:1 molar ratio of BA to Styryl-TITNO was used, a marked increase in the 
rate of polymerization was observed after the first hour of polymerization, attaining 
about 29% conversion (see Figure 5.19). As the polymerization proceeded, the 
difference in the rate of polymerization gradually decreased, in comparison to the 
reaction using a 100:1 molar ratio of BA to Styryl-TITNO. An increase in conversion 
over time was also observed in the first 5 h, ultimately achieving 51% conversion. 
Thereafter, the polymerization seemed to be suppressed by the accumulation of free 
nitroxide, as conversion remained almost unchanged. 
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A linear increase in Mn with conversion was observed for both polymerizations 
performed using a 100:1 molar ratio of BA to Styryl-TITNO (Figure 5.20). There is also 
good agreement between experimental and theoretical values of Mn for both 
polymerizations conducted with two different levels of L-AAP (2.70 and 5.36 mol% of 
L-AAP to Styryl-TITNO). These results suggest that only a small proportion of TITNO
 
was expected to be consumed by L-AAP in both polymerizations because an increase in 
the concentration of L-AAP was not significantly affected the level of control of Mn. 
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Figure 5.20 Plot of Mn vs conversion for miniemulsion polymerization of BA at 90 °C 
with different levels of L-AAP.  
In the case of a 300:1 molar ratio of BA to Styryl-TITNO, the experimental Mn was 
slightly higher than the theoretical values, indicating a reduction in the number of active 
chains (Figure 5.20). Additionally, ƉM also increased with conversions, which was in 
contrast to the results obtained with a 100:1 molar ratio of BA to Styryl-TITNO, as 
presented in Figure 5.21. The observed values of ƉM also were relatively high, ranging 
from 1.49-1.78.  
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When the higher mol% of L-AAP to Styryl-TITNO was used, the higher amount of  
TITNO
 
was expected to be scavenged by L-AAP. Since the higher mol% of L-AAP to 
Styryl-TITNO (17.30 mol%) was used for the reaction with a 300:1 molar ratio of BA 
to Styryl-TITNO, the concentration of TITNO

 present in the reaction was expected to 
be lower than those using a 100:1 molar ratio of BA to Styryl-TITNO. This leads to  
a decrease in the level of control over Mn and ƉM for the reaction with a 300:1 molar 
ratio of BA to Styryl-TITNO due to the lower concentration TITNO

 present in the 
reaction.  
Additionally, a high value of ƉM (1.49) observed early in the polymerization implies 
that the concentration of TITNO

 present in the early stages was not enough to drive the 
equilibrium to the left and keep the concentration of active radicals low. This would 
lead to the high concentration of active radicals, which was evident from a steep 
increase in the rate of polymerization early in the polymerization ( 29% conversion 
within 1h). The deficiency in the concentration of TITNO

 in the early stages of 
polymerization would increase the possibility of polymer chains to undergo bimolecular 
termination, causing an increase in ƉM. 
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Figure 5.21 Plot of ƉM vs conversion for miniemulsion polymerization of BA at 90 °C 
with different levels of L-AAP. 
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MWDs for the polymerizations performed with a 100:1 molar ratio of BA to Styryl-
TITNO are presented in Figures 5.22b and 5.22c. A gradual shift of MWD peaks 
towards higher molecular weights with time in the first 5 h can be seen from both 
reactions with different levels of L-AAP. This suggests that the majority of polymer 
chains remained living during these periods. Moreover, the observed MWDs were 
narrower than those obtained from the polymerization conducted with a 300:1 molar 
ratio of BA to Styryl-TITNO (Figure 5.22a). However, a slight shift of MWD towards 
higher molecular weights was observed after 5 h, indicating that the equilibrium of the 
polymerizations shifted strongly towards dormant species during this period. 
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Figure 5.22 Evolution of MWD with time for miniemulsion polymerization of BA at  
90 °C with different levels of L-AAP, (a) 17.30 mol% (300:1 ratio BA:Styryl-TITNO), 
(b) 5.36 mol% (100:1 ratio BA:Styryl-TITNO), and (c) 2.70 mol% (100:1 ratio 
BA:Styryl-TITNO) of L-AAP to Styryl-TITNO. 
 
Chapter 5                                                           Miniemulsion Polymerization Mediated by Styryl-TITNO 
244 
 
For the reaction with a 300:1 molar ratio of BA to Styryl-TITNO, after 3 h the MWD 
did not shift entirely in accord with conversion. The peaks were broadened towards 
higher molecular weights, while their low molecular weight tails were mostly in the 
same region as in the earlier samples. The presence of unshifted tails indicates that some 
polymer chains stop growing or undergo irreversible termination, contributing to  
an increase in ƉM. 
Figure 5.23 shows NT for the polymerizations with different levels of L-AAP. In each 
case, the experimental NT is slightly lower than the theoretical values. These results are 
consistent with the observation of reasonably good control of Mn, implying that the 
reduction of active chains were not significant in the presence of L-AAP. However, the 
values of ƉM obtained for the reaction with a 300:1 molar ratio of BA to Styryl-TITNO 
were relatively high (1.49-1.78) and, hence, the NT estimated from the corresponding 
reaction would have been affected by a broadening of MWD. 
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Figure 5.23 Plot of NT vs conversion for miniemulsion polymerization of BA at 90 °C 
with different levels of L-AAP.  
The replacement of L-AA with L-AAP resulted in a higher conversion and PBA with 
higher molecular weight. However, high conversion polymerization could not be 
conducted successfully, even with the use of the maximum solubility of L-AAP in BA  
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( 5 mM ), which for this reaction corresponds to 5.36 mol% of L-AAP to Styryl-
TITNO. Although the build-up of free nitroxide is suspected to be responsible for a low 
conversion polymerization, it cannot be stated with any certainty that the 
polymerization stopped mainly due to the accumulation of free nitroxide. In this case,  
a majority of the polymer chains would remain living and in the dormant species forms. 
On the other hand, inhibited polymerization may be because the majority of polymer 
chains undergo bimolecular termination and form dead polymer chains. Livingness of 
polymer chains is another important issue that will be investigated by chain extension 
with styrene and reported later in this chapter.  
 
5.5.2 Synthesis of Polystyrene in Miniemulsion Polymerization 
Since styrene can undergo thermal initiation during polymerization via the dimerisation 
mechanism proposed by Mayo
17
, new radicals thermally generated in the system can 
react with free nitroxide and allow polymerization to proceed. However, the feasibility 
of using Styryl-TITNO
 
in controlled miniemulsion polymerizations of styrene was 
tested at 70 and 90 °C. The rates of thermal initiation of styrene at those temperatures 
are expected to be relatively low and might not play an important role in the 
consumption of free nitroxides. Cunningham also reported that the rate of thermal 
polymerization of styrene at 100 °C was roughly 25 times lower than at 135 °C.
18
 In this 
experiment, L-AAP (5 mol% relative to Styryl-TITNO) was used as a nitroxide 
scavenger and added into the polymerizations by being dissolved in monomer before 
miniemulsion preparation. 
It is shown in Figure 5.24 that styrene was able to polymerise at temperatures below  
100 °C using Styryl-TITNO as a unimolecular initiator. At 90 °C, the polymerization 
proceeded to about 40% conversion within 9 h. Thereafter, the rate of polymerization 
decreased with time, attaining about 45% conversion after 19 h. Polystyrene with Mn of 
5500 and ƉM of 1.6 was obtained.  
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When the polymerization temperature was decreased to 70 °C, it resulted in  
a significant reduction in the rate of polymerization. Unexpectedly, a decrease in the 
final conversion was also observed, achieving 28% conversion within 39 h. After that, 
the polymerization seemed to be retarded by the free nitroxides.  
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Figure 5.24 Plot of conversion vs time for miniemulsion polymerization of styrene  
at 70 and 90 °C with 5 mol% of L-AAP relative to Styryl-TITNO.  
The reduction in the final conversion is probably due to the lower equilibrium constant 
for activation-deactivation (K) at 70 °C relative to 90 °C since the value of kd decreases 
with decreasing temperature where K is the ratio of kd and kc. Therefore, the equilibrium 
of the reaction should shift further towards dormant species at 70 °C than at 90 °C. This 
suggests that the concentration of active radicals is lower at 70 °C, which contributes to 
a lower rate of polymerization. Hence, the reaction performed at 70 °C is expected to be 
more affected by the suppression of propagation by free TITNO

 than those conducted 
at 90 °C, resulting in a reduction in monomer conversion. 
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Figure 5.25 shows the plot of Mn vs conversion for the miniemulsion polymerization of 
styrene at different temperatures. At 90 °C, the experimental Mn was higher than the 
theoretical values, suggesting the reduction in the number of active chains. However,  
good agreement between the experimental and theoretical values of Mn was observed 
when the polymerization temperature was reduced to 70 °C. Additionally, a narrower 
ƉM was also obtained from the polymerization performed at 70 °C (Figure 5.26).  
A possible explanation for this observation is the reduction in the equilibrium constant 
K which consequently leads to a lower concentration of active species and hence  
a better control of Mn. A similar observation for the effect of temperature on the 
controlled polymerization of styrene was previously reported in Section 4.6.2.2.  
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Figure 5.25 Plot of Mn vs conversion for miniemulsion polymerization of styrene at  
70 and 90 °C with 5 mol% of L-AAP relative to Styryl-TITNO.  
 
Chapter 5                                                           Miniemulsion Polymerization Mediated by Styryl-TITNO 
248 
 
0.5
0.7
0.9
1.1
1.3
1.5
1.7
1.9
0 10 20 30 40 50 60
70 
o
C
90 
o
C
M
o
le
c
u
la
r
 w
ei
g
h
t 
d
is
p
er
si
ty
Conversion / %  
Figure 5.26 Plot of ƉM vs conversion for miniemulsion polymerization of styrene at  
70 and 90 °C with 5 mol% of L-AAP relative to Styryl-TITNO. 
Figure 5.27 shows the evolution of MWD with time for miniemulsion polymerization of 
styrene at different temperatures. It can be seen clearly that the polystyrene chains grew 
more uniformly at 70 °C than at 90 °C, as evidenced by a much narrower MWD.  
The effect of polymerization temperature on NT is presented in Figure 5.28. It can be 
seen that a noticeable reduction in NT was observed for the polymerization conducted  
at 90 °C whereas the experimental NT was slightly lower than the theoretical values for 
the reaction performed at 70 °C. The result reflects that the value K for Styryl-TITNO 
was probably too high at 90 °C, which leads to high concentration of active species and  
a reduction in NT.  
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Figure 5.27 Evolution of MWD with time for miniemulsion polymerization of styrene  
at (a) 70 °C and (b) 90 °C with 5 mol% of L-AAP relative to Styryl-TITNO. 
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Figure 5.28 Plot of NT vs conversion for miniemulsion polymerization of styrene at  
70 and 90 °C with 5 mol% of L-AAP relative to Styryl-TITNO. 
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5.5.3 Test for Livingness of TITNO-Terminated Poly(n-Butyl Acrylate)  
(TITNO-PBA) 
As earlier reported in Sections 5.5.1 and 5.5.2., TITNO-mediated miniemulsion 
polymerizations of  both BA and styrene at 90
○
C could afford only low monomer 
conversion (i.e., <60% conversion) before being severely retarded. However, it was not 
clear whether the polymerization was suppressed by nitroxide accumulation or was 
stopped due to the severe loss of active chains. 
To resolve this uncertainty, chain extension experiments were carried out to investigate 
the livingness of polymer chains using TITNO-PBA. Since a noticeable increase in 
conversion was seen mostly in the first 3 h of polymerization and only small changes in 
conversion were observed thereafter, as previously observed in this work. Hence,  
TITNO-PBA was prepared from miniemulsion polymerization in the presence of  
5 mol% of L-AAP relative to Styryl-TITNO at 90
○
C for 3.5 h polymerization. TITNO-
PBA obtained was then used as a macroinitiator in the polymerizations of both styrene 
and BA to examine its ability to reinitiate. 
 
5.5.3.1 Synthesis of TITNO-PBA via Miniemulsion Polymerization 
Two miniemulsion polymerizations of BA were conducted with the addition of 5 mol% 
of L-AAP relative to Styryl-TITNO at 90 °C. After 3.5 h polymerization, poly(n-butyl 
acrylate) with 37.53% and 32.58% conversion were attained and the corresponding final 
particle sizes were 123 and 112 nm, respectively. TITNO-PBAs were then isolated and 
the summary details of the PBA-TITNO obtained are given in Table 5.6. 
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Table 5.6 Properties of TITNO-PBA prepared by miniemulsion polymerizations of BA 
in the presence of L-AAP at 90 C. 
Time /h [M]/[I] Conversion / % Mn exp Mn th ƉM NT exp / mmol NT th / mmol 
3.5 87.39 37.53 4381 4203 1.22 0.9114 0.9499 
3.5 90.33 32.58 4145 4077 1.19 0.8416 0.9250 
 
As presented in Figure 5.29, two batches of BA miniemulsion polymerization gave 
TITNO-PBAs with monomodal MWDs with relatively low ƉM (1.22 and 1.19).  
The livingness of polymer chains before being isolated from the first batch of TITNO-
PBA is evidenced by the evolution of MWD with time (Figure 5.29a). 
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Figure 5.29 MWDs of TITNO-PBA prepared via miniemulsion polymerization of BA at 
90 °C for 3.5 h polymerization with the addition of (a) 5.11 and (b) 5.64  mol% of  
L-AAP relative to Styryl-TITNO. 
Chapter 5                                                           Miniemulsion Polymerization Mediated by Styryl-TITNO 
252 
 
5.5.3.2 Chain Extension of TITNO-PBA with Styrene in Solution Polymerization 
The livingness of TITNO-PBA isolated from miniemulsion polymerization was first 
examined by chain extension with styrene in solution polymerization at 90 °C using  
a 156:1 molar ratio to TITNO-PBA. The reaction was performed without the addition of 
L-AAP and TITNO-PBA with Mn of 4381 and ƉM of 1.22 was used in this experiment. 
In solution polymerization, the chain extension of TITNO-PBA with styrene yielded  
PBA-block-PS copolymers with Mn of 17800 and 21090 after 5 and 17 h 
polymerization, respectively. Efficient reinitiation of TITNO-PBA chains with styrene 
can be seen by a shift of the starting peak towards higher molecular weights (Figure 
5.30), indicating effective chain extension. The result also implies that the majority of 
TITNO-PBA chains were living, since only a small low molecular weight tail was 
overlapped with the starting TITNO-PBA peak. 
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Figure 5.30 MWD plot for chain extension of TITNO-PBA with styrene in solution 
polymerization at 90 °C.  
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Based on the previous observations (Section 4.6.2.2) the optimized temperature for 
solution polymerization of styrene mediated by Styryl-TITNO was 70 °C. However, the 
value of kd for Styryl-TITNO should be different from that for PBA-TITNO. The rate of 
kd for PBA-TITNO was considered to be lower than that for Styryl-TITNO which 
would bring about a reduction in a value of K for activation-deactivation. Hence, better 
control of Mn and MWD should be obtained for the solution of polymerization of 
styrene initiated by PBA-TITNO at 90 °C compared to the polymerization initiated by 
Styryl-TITNO. 
Although a more symmetrical MWD was observed for the polymerization initiated by 
PBA-TITNO, compared to the reaction initiated by Styryl-TITNO at 90 °C (presented 
in Figure 4.10a), the observed Mn was still higher than the theoretical value, suggesting  
a reduction in the number of active chains (Table 5.7). There are two possible 
explanations for this observation. It may be due to the small amounts of dead polymer 
chains present in PBA-TITNO or the value of K for styrene polymerization initiated by 
PBA-TITNO is still too high at 90 °C. It also is possible that this observation is the 
result of a combination of both effects. 
Table 5.7 Properties of PBA-block-PS copolymers prepared by chain extension of 
TITNO-PBA with styrene in solution polymerization at 90 C. 
Time /h [M]/[I] Conversion / % Mn exp Mn th ƉM NT exp / mmol NT th / mmol 
5 156.84 67.43 17800 15395 1.20 0.2743 0.4428 
17 156.84 80.81 21090 17706 1.38 0.2774 0.4432 
 
In addition, a broadening of MWD with conversion also was observed which was  
probably due to the occurrence of bimolecular termination at longer reaction times.  
The disproportionation of alkoxyamines to form a hydroxylamine (illustrated in Figure 
5.3) is believed to be the main termination mechanism involved since it is a first order 
reaction depending on the concentration of dormant chains.
1,9
 As the polymerization 
proceeds, the concentration of monomer deceases whereas the concentration of the 
dormant polymer chains presumably does not change significantly. Therefore, 
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alkoxyamine disproportionation can take place at almost constant rate through the 
course of polymerization and becomes more significant at long polymerization times.
1,9
  
 
5.5.3.3 Chain Extension of TITNO-PBA with Styrene in Miniemulsion 
Polymerization in the Presence of L-AAP 
Chain extension of TITNO-PBA with styrene in miniemulsion polymerization was 
performed at 90 C in the presence of 4.98 mol% of L-AAP relative to TITNO-PBA. 
As shown in Figure 5.31, the polymerization reached about 50% conversion within the 
first 5 h and subsequently proceeded at a very retarded rate probably due to the 
accumulation of free TITNO
 
in the particles. The polymerization attained about 55 % 
conversion producing PBA-block-PS with Mn of 15500 after 20 h and a final z-average 
diameter of 118 nm.  
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Figure 5.31 Plot of conversion vs time for chain extension of TITNO-PBA with styrene 
in miniemulsion polymerization at 90 C. 
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Figure 5.32 shows Mn and ƉM vs conversion for chain extension of TITNO-PBA with 
styrene in miniemulsion polymerization at 90 C. Although the observed Mn was 
slightly higher than the theoretical values, they increased linearly with conversion, 
which is an important criterion for living polymerization. The ƉM of the block 
copolymers obtained was 1.40. 
A shift of the starting PBA peak towards a higher molecular weight provides evidence 
of the livingness of TITNO-terminated PBA chains, as shown in Figure 5.33.  
In addition, the shape of observed MWDs was much more symmetrical than those 
obtained from the polymerization of styrene using Styryl-TITNO as a unimolecular 
initiator (shown in Figure 5.27b).  The explanation for this is probably due to the lower 
value of K for PBA-TITNO compared to that for Styryl-TITNO. Thus, it is expected 
that the equilibrium of reaction initiated by PBA-TITNO should shift further towards 
the dormant species than that started by Stryl-TITNO, which would result in better 
control of polymerization at 90 

C. 
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Figure 5.32 Plot of Mn and ƉM vs conversion for chain extension of TITNO-PBA with 
styrene in miniemulsion polymerization at 90 °C.  
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Figure 5.33 MWD for chain extension of TITNO-PBA with styrene in miniemulsion 
polymerization at 90 °C. 
Although xn increased linearly with conversion, the experimental xn was slightly higher 
than the theoretical xn (Figure 5.34). Additionally, the observed NT was lower than the 
theoretical values. The reduction in NT is probably due to either the presence of dead 
chains in the TITNO-PBA or an occurrence of bimolecular termination during the 
polymerization. It is also considered that the reduction in the number of active chains 
mostly occurred in the early stages of the polymerization, since NT remained almost 
constant throughout the course of polymerization. 
The livingness of TITNO-PBA has been demonstrated by chain extension with styrene 
in both solution and miniemulsion conditions. Although the obtained PBA-block-PS 
copolymers had higher molecular weight dispersity than the starting TITNO-PBA,  
efficient reinitiation of TITNO-PBA chains with styrene was observed, providing strong 
evidence that majority of isolated TITNO-PBA chains remained living. 
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Figure 5.34 Plot of xn and NT for chain extension of TITNO-PBA with styrene in 
miniemulsion polymerization at 90 °C. 
 
5.5.3.4 Chain Extension of TITNO-PBA with Styrene in Miniemulsion 
Polymerization in the Presence of 1,1’-Azobis-(Cyclohexanecarbonitrile), Vazo 88. 
As stated earlier, the primary purpose of this part of the studies was to find out whether 
the majority of isolated polymer chains still preserved their livingness. However, it was 
of interest to conduct a preliminary experiment on chain extension of PBA-TITNO with 
styrene in the presence of a thermal initiator.  
The use of radical generators to increase the rate of polymerization or to consume the 
excess nitroxide by creating new radicals in NMP has been studied by many groups. 
Goto et. al.
19
 demonstrated that the rate of bulk styrene polymerization, initiated by  
PS-TEMPO as a macroinitiator at 114 °C, could be increased by adding suitable 
concentrations of tert-butyl hydroperoxide (BHP).  A similar investigation was 
conducted by Greszta and  Matyjaszewski
20
 in PS-TEMPO-mediated polymerization of 
styrene at 120 °C using  dicumyl peroxide (DCP). However, ƉM in both systems tended 
to increase at high concentrations of radical initiators. 
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For bulk BA polymerization, Georges et al.
5
 reported the use of Vazo 88 to control  
the build-up of excess nitroxide in TEMPO-mediated polymerization of BA at 133 °C.  
A solution of Vazo 88 in BA (2.3 mM) was continuously fed into the reaction at a rate 
of 1.25 mL/h. An increase in Mn with conversion was observed, but the values of ƉM 
were relatively high (1.56-1.73). Although various feeding rates and different Vazo 88 
concentrations were employed in order to narrow the MWD, these efforts to achieve 
better control were not successful. Cunningham et al.,
11,18
 investigated the use of  
a water-soluble initiator (i.e., 2,2’-azobis[2-methyl-N-(1-hydroxymethyl-propyl)propio-
namide], VA-085) as a rate-enhancing agent in miniemulsion polymerization of styrene 
at 100 °C. Different concentrations of VA-085 (ranging from 1.01 mM-3.72 mM based 
on the aqueous phase) were added into an aqueous phase prior to miniemulsion 
preparation. Degree of livingness (DOL) was determined using fluorescence-based 
technique described by Scott et al.
21
 A noticeable increase in the rate of polymerization 
was observed with increasing VA-085 concentrations. However, high values of ƉM ( 
1.4-4.5) and low degree of livingness were negative effects when higher concentrations 
of VA-085 were employed due to an increase in the concentration of primary radicals 
generated by Vazo-085 dissociation.  
The feasibility of using Vazo 88 to control the level of excess TITNO

 built up in 
miniemulsion polymerization of styrene was investigated in this work. The PBA-
TITNO isolated from miniemulsion polymerization (Mn = 4145 and ƉM = 1.19) was 
used as the initiator. The polymerization of styrene was performed in the presence of 
7.59 mol% of Vazo 88 to TITNO-PBA at 90 °C for 20 h. Vazo 88 was chosen because 
it dissolved in BA and had a suitable half-life (t1/2). The decomposition rate (kdcom) and 
the t1/2 of Vazo 88 at 90 °C were 2.5983 ×10
-5
 s
-1
 and  7.4 h, respectively, calculated 
using the energy of activation (Ea) = 148.11 kJ. mol
-1
 and the pre-exponential factor (A) 
= 5.2150 ×10
16
 s
-1
.
22
 Since the miniemulsion polymerization of BA mediated by Styryl-
TITNO at 90 °C was relatively retarded after 3 h, it was anticipated that the slow 
decomposition of Vazo 88 would slowly consume the excess nitroxide throughout the 
course of polymerization.  
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Figure 5.35 shows an increase in monomer conversion with time for chain extension of 
TITNO-PBA with styrene when Vazo 88 was used a radical scavenger instead of  
L-AAP. An appreciable increase in conversion can be seen in the first 3 h and the 
polymerization seemed to be very retarded thereafter, reaching 67% conversion with  
a z-average diameter of 120 nm after 20 h. Although a higher conversion was achieved 
when L-AAP (55% conversion) was replaced by Vazo 88, it should be noted that the 
TITNO-PBA used in those chain extension experiments came from different batches 
which may have different degrees of livingness.  
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Figure 5.35 Plot of conversion vs time for chain extension of TITNO-PBA in 
miniemulsion polymerization at 90 C with 7.59 mol% of Vazo 88 to TITNO-PBA. 
As shown in Figure 5.36, Mn deviated from the theoretical line in the early stages of 
polymerization accompanied by an increase in the values of ƉM (in the range of 1.34-
1.37). This could be because a large number of active radicals were present in the 
beginning of polymerization. If the concentration of a trapping agent (TITNO

) is much 
lower than that of the growing radicals, it would inevitably result in a high rate of 
bimolecular termination and hence a rise in ƉM.  
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Figure 5.36 Plot of Mn and ƉM vs conversion for chain extension of TITNO-PBA in 
miniemulsion polymerization at 90 C with 7.59 mol% of Vazo 88 to TITNO-PBA. 
Despite the rise in ƉM, PBA-TITNO showed efficient reinitiation with styrene. The 
evolution of MWD with conversion demonstrates the livingness of both TITNO-PBA 
and the resulting PBA-block-PS chains before being severely suppressed probably by 
accumulation of excess TITNO

,
 
as presented in Figure 5.37.  
Figure 5.38 shows xn and NT for chain extension of TITNO-PBA with styrene in 
miniemulsion polymerization at 90 °C. Although xn increased linearly with conversion, 
the experimental xn began to deviate significantly from the theoretical line in the 
beginning of polymerization. This observation was consistent with a marked reduction 
in NT observed early in the reaction. 
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Figure 5.37 MWD for chain extension of TITNO-PBA in miniemulsion polymerization 
at 90 C with 7.59 mol% of Vazo 88 to TITNO-PBA. 
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Figure 5.38 Plot of  xn and NT for chain extension of TITNO-PBA with styrene in 
miniemulsion polymerization at 90 °C with 7.59 mol% of Vazo 88 to TITNO-PBA. 
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An attempt to build an equal balance between the rate of additional initiator dissociation 
and the rate of free nitroxide formation in TITNO-mediated miniemulsion 
polymerization of BA is a major challenge that is not easily accomplished.  That is 
because the additional initiator needs to be added into the polymerization before 
miniemulsion preparation. If high concentration of the initiator is used, too many new 
polymer chains are generated in the early stage of polymerization. As a result, the rate 
of trapping by nitroxide radicals of polymer chains may be lower than that of the 
propagation rate of growing chains. Thus, some polymer chains can undergo 
propagation or bimolecular termination, while the other chains are deactived by 
nitroxide radical. This typically leads to a rise in both dead polymer chains and ƉM 
because of the deficiency of stable nitroxide radicals. On the other hand, the 
polymerization would be very retarded due to the accumulation of free nitroxide if low 
concentration of additional initiator is employed as observed in this experiment.  
The results have shown that the use Vazo 88 as a radical generator was another means 
of controlling the accumulation of free TITNO

 in miniemulsion polymerization of 
styrene. However, a compromise needs to be made since the formation of new radical 
chains in the system brought about a decrease in the degree of control over Mn and 
MWD.  
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5.5.3.5 Chain Extension of TITNO-PBA with BA in Miniemulsion Polymerization 
Another experimental test for the livingness of TITNO-PBA is the use of PBA-TITNO 
as a macroinitiator in the miniemulsion polymerization of BA. TITNO-PBA with Mn of 
4145 and ƉM of 1.19 was employed in this experiment. The polymerization was 
performed in the presence of 7.58 mol% of L-AAP to TITNO-PBA. 
After 3.5 h polymerization at 90 °C, a PBA latex was produced with a monomer 
conversion of 44.38% and a final z-average diameter of 115 nm. The PBA produced 
shows a monomodal MWD, suggesting efficient reinitiation of TITNO-PBA with BA 
(Figure 5.39). Despite the slightly higher experimental Mn than the theoretical value, the 
molecular weight dispersity remained relatively low (ƉM = 1.2) after the chain 
extension. In addition, it appears that the chain extension of TITNO-PBA with BA gave 
better control of Mn and MWD than that of TITNO-PBA with styrene, when comparing 
data at approximately the same monomer conversion.  
However, it should be noted that TITNO-PBA used in this experiment and the one 
exploited for chain extension with styrene were obtained from different batches of 
miniemulsion polymerizations. A summary data of the PBA after chain extension is 
shown in Table 5.8. 
Table 5.8 Properties of poly(n-butyl acrylate) prepared by chain extension of TITNO-
PBA with BA in miniemulsion polymerization at 90C. 
Time /h [M]/[I] Conversion / % Mn exp Mn th ƉM NT exp / mmol NT th / mmol 
3.5 141.96 44.38 13088 12219 1.20 0.2788 0.3088 
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Figure 5.39 MWD for chain extension of TITNO-PBA with BA in miniemulsion 
polymerization at 90 °C. 
TITNO-PBA has shown efficient reinitation with both styrene and BA in miniemulsion 
polymerization at 90 °C. These results provide strong evidence that the majority of 
polymer chain remained ability to grow before the polymerization was severely 
retarded. Therefore, it can be concluded that the build-up of free TITNO

 in emulsion 
polymerization was a major cause for the suppression of polymerization by strongly 
shifting the equilibrium of the reaction towards the dormant species. 
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5.6 Conclusion 
Partitioning of nitroxide between the aqueous and oil phases is likely to be a crucial 
parameter for achieving a control in miniemulsion polymerization. If a high proportion 
of nitroxide partitions into the aqueous phase, it might lead to a deficiency of nitroxide 
in the particles for controlling polymerization, which would subsequently result in  
a decrease in the level of control. The hydrophobic structure of Styryl-TITNO was 
designed with the objective of minimizing its partitioning into the aqueous phase with 
the aim of providing better control in miniemulsion polymerization. 
The feasibility of conducting miniemulsion polymerizations of both BA and styrene 
mediated by Styryl-TITNO at 90 C was demonstrated in this chapter. However, the 
polymerizations were unable to proceed to higher than 30% conversion. The 
suppression of polymerization was suspected to be due to the accumulation of excess 
TITNO

 generated from termination in the particles, which caused the equilibrium of 
the reaction to shift strongly towards the dormant species. This phenomenon is probably 
due to the hydrophobic nature of TITNO

, which reduces the ability of TITNO

 to 
partition into the aqueous phase. 
An attempt to use nitroxide scavengers (e.g. L-AA and L-AAP) as a means of controlling 
the accumulation of excess TITNO

 was investigated in miniemulsion polymerization of 
BA at 90 C. Higher conversion was achieved for polymerizations conducted in the 
presence of the two nitroxide scavengers. However, L-AAP was shown to be more 
effective in controlling the excess TITNO

 than L-AA. This is because L-AAP could be 
dissolved directly into BA before miniemulsion preparation, whereas L-AA needed to be 
dissolved in deionised water and the solution obtained was then fed into the 
polymerization. It is speculated that only a small amount of excess TITNO

 would 
locate near the interface or partition into the aqueous phase due to its hydrophobic 
nature. This could possibly be the reason why L-AA was less effective for controlling 
the accumulation of excess TITNO

 in the particles than L-AAP. However, the use of  
L-AAP in controlling the excess TITNO

 is limited with respect to its solubility in BA, 
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which is about 5 mM in BA for the maximum solubility. The highest conversion, 
attaining 48% conversion after 5 h, was achieved from the reaction conducted in the 
presence of 5.36 mol% of L-AAP relative to Styryl-TITNO. 
Miniemulsion polymerizations of styrene mediated by Styryl-TITNO were studied  
at 70 and 90 C in the presence of 5 mol% of L-AAP relative to Styryl-TITNO.  
Better control of polymerization was observed for the reaction conducted at 70 C, 
which was probably due to the lower value of K at 70 C relative to 90 C. However, 
the rate of polymerization not only decreased when polymerization temperature was 
reduced from 90 and 70 C, but the final conversion also decreased. At 90 C,  
a conversion of 45% was attained after 9 h before the polymerization was severely 
suppressed whereas only 28% conversion was achieved after 39 h for the reaction 
performed at 70 C. The equilibrium of reaction at 70 C should shift further towards 
dormant species than at 90 C. Hence, the polymerization conducted at 70 C was 
expected to be more affected by the accumulation of excess TITNO

 in the particles than 
the reaction performed at 90 C due to the lower concentration of active radicals in the 
system. 
Chain extension of TITNO-PBA with both styrene and BA at 90 C in solution and 
miniemulsion polymerizations was conducted to determine whether the accumulation of 
excess TITNO

 was a major cause for the suppression of polymerization. The evolution 
of the TITNO-PBA MWD towards higher molecular weight provided strong evidence 
that the majority of polymer chains were in the dormant species forms and retained the 
ability to reinitiate before the polymerization was severely suppressed. Based on these 
observations, it can be concluded that a shift in equilibrium of reaction strongly towards 
the dormant species due to a build-up of TITNO

 was mainly responsible for the 
suppression of miniemulsion polymerization mediated by Styryl-TITNO. 
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6 Conclusions and Suggestions for Further Work 
 
One of the major limitations of nitroxide-mediated miniemulsion polymerization is high 
operating temperatures, typically in the range of 115-135 °C for most nitroxides. Hence, 
the reaction needs to be performed using pressurized reactors for polymerization in 
aqueous media. Hence, an ability to conduct the reaction at temperatures below 100 °C 
would be attractive for commercial use. The work reported in this thesis concerned 
investigations of a new alkoxyamine, Styryl-TITNO, which was designed to fulfil two 
main aims: to be able to mediate radical polymerizations below 100 °C and to reduce 
partitioning in miniemulsion polymerization. Styryl-TITNO was synthesized 
successfully using modifications of established procedures and its chemical structure 
was confirmed by NMR spectroscopy.  
 
The main objective of this work was to assess the feasibility of using Styryl-TITNO as 
unimolecular initiator in radical solution and miniemulsion polymerizations at 
temperatures below 100 C. The major results and important conclusions are 
summarised below. 
 
6.1 Solution Polymerization 
The ability of Styryl-TITNO to control radical polymerizations was first evaluated in 
solution polymerization of BA at 90 °C. Styryl-TITNO was shown to be an effective 
mediator for BA polymerization at 90 °C since good control of number-average 
molecular weight (Mn) and molecular weight dispersity (ƉM) was observed. However, 
different results were obtained from solution polymerization of styrene mediated by 
Styryl-TITNO at 90 °C because the experimental Mn was higher than the theoretical 
value and a reduction in the total number of active chains (NT) also was observed. The 
deviation of Mn from the theoretical line early in the polymerization indicates loss of 
active chains.  
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Theoretically, control in NMP mainly relies on the suppression of bimolecular 
termination by keeping the concentration of chain radicals in the system low. This leads 
to the suspicion that the value of the activation-deactivation equilibrium constant (K) for 
styrene polymerization mediated by Styryl-TITNO at 90 °C is probably too high, 
resulting in a high concentration of active species initially and, hence, loss of active 
chains through bimolecular termination. This would result in a build-up of excess 
TITNO

 that shifts the equilibrium to the dormant side, which would then explain the 
greater control observed after the initial loss of active chains. In view of this hypothesis, 
the effect of free TITNO

 and polymerization temperature on polymerization of styrene 
was investigated. 
 
6.1.1 Effect of Additional Free TITNO in Polymerization of Styrene 
 
Three polymerizations of styrene mediated by Styryl-TITNO were conducted at 90 C 
in the presence of 0, 5 and 15 mol % of free TITNO

 relative to Styryl-TITNO.  
The excess TITNO

 was employed in order to drive the equilibrium of the reaction 
further towards the dormant species, which should result in a lower concentration of 
active radicals in the system and better control of polymerization. A reduction in the 
rate of polymerization was observed for the reactions with added free TITNO

. 
However, no significant improvement in control of Mn  and ƉM was observed. The 
reduction of NT early in the polymerization was still noticeable. 
 
6.1.2 Effect of Temperature in Polymerization of Styrene 
 
The effect of temperature on polymerization of styrene mediated by Styryl-TITNO was 
studied at 70, 90, and 110 C in presence of 15 mol% of free TITNO relative to Styryl-
TITNO. The results showed that the rate of polymerization reduced on decreasing the 
polymerization temperature. Good control of Mn and ƉM was observed when the 
polymerization temperature was reduced from 90 to 70 C. In addition, the value of NT 
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remained approximately constant throughout the polymerization at 70 C. A decrease in 
the polymerization temperature leads to a reduction in a value of K, which subsequently 
results in a lower concentration of active radicals. Hence, an improvement in control of 
polymerization is expected to be the overall result of a decrease in polymerization 
temperature.  
 
 
6.1.3 Synthesis of [PBA-b-P(BA-co-Sty)] Block Copolymers in Solution 
Polymerization 
 
The feasibility of using Styryl-TITNO to synthesize block copolymers was investigated 
using a sequential monomer addition strategy. BA was first polymerized to form 
TITNO-terminated PBA (TITNO-PBA) and styrene was then added into the reaction 
without removal of residual unreacted BA to form [PBA-b-P(BA-co-Sty)] block 
copolymers. 
 
The effect of free TITNO

 on the control of block copolymerization of BA and styrene 
was investigated at 90 C in the presence of 0, 5, 15 mol% of TITNO relative to Styryl-
TITNO. A shift of the TITNO-terminated PBA molecular weight distribution (MWD) 
towards higher molecular weights was observed after the styrene addition, suggesting 
that the majority of the first BA block remained living. However, there is evidence that 
some chains became terminated because a low molecular weight tail can be seen even in 
the MWD at high overall conversions (> 80%). Although the reaction with a 15 mol% 
excess of TITNO

 gave the highest NT, a reduction in NT was still observed after styrene 
was introduced, implying loss of active chains after styrene addition. 
 
This observation led to investigation of the effect of polymerization temperature for the 
second BA-styrene block. The polymerization temperature for synthesis of the first 
PBA block was kept at 90 C, but the second P(BA-styrene) block was synthesized at 
70 C. The reaction was conducted in the presence of a 15 mol% excess of TITNO 
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relative to Styryl-TITNO. It was found that NT remained approximately constant after 
the styrene addition when the polymerization temperature for the second p(BA-styrene) 
block was reduced from 90 to 70 C. Additionally, MWDs of the final block 
copolymers obtained at 70 C were narrower than those obtained at 90 C, suggesting 
an improvement in livingness of the polymerization. These results are consistent with 
the earlier observation that showed that a lower polymerization of 70 C was required 
for better control of styrene polymerization. These observations also provide strong 
evidence that the value of K for styrene polymerization at 90 C was too high for 
control and mainly responsible for loss of active chains early in the polymerization. 
 
6.1.4 Kinetics Studies 
 
Kinetics studies on solution polymerization of styrene and BA mediated by Styryl-
TITNO were performed in the presence of an excess of TITNO

. Thus, the 
concentration of TITNO

 in the reaction is considered to be higher than that of chain 
radicals ([TITNO

]
 
> [P

]), which ensures the quasi-equilibrium conditions in the 
reaction. Values of kp[P

] obtained from the slope of ln([M]0/[M]) vs t plots in the linear 
region were used to indicate the rate of polymerization, higher values corresponding to 
higher rates of polymerization. 
 
For styrene polymerization, an increase in the value of kp[P

] was observed on 
increasing polymerization temperature. In contrast, an increase in the concentration of 
added excess TITNO

 resulted in a reduction in the value of kp[P

]. The values of kp[P

] 
obtained from polymerizations of styrene and BA were used to calculate values of K for 
the corresponding polymerizations. The results show that K for styrene polymerization 
at 90 C (K = 4.2  10-9 mol L-1 at 90 C and 3.1  10-9 mol L-1 at 70 C) is 
approximately an order of magnitude higher than that for BA polymerization at the 
same temperature (K = 8.5  10-11 mol L-1). The lower value of K indicates the lower 
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concentration of active radicals in the reaction, which explains why BA polymerization 
showed better control of Mn and ƉM than styrene polymerization at 90 C.  
 
Values of kd for Styryl-TITNO were determined at different temperatures by EPR 
spectroscopy and then used to estimate the value of Ea. An increase in the value of kd 
was observed with increasing polymerization temperature. The value of kd at 90 C (3.0 
 10-3 s-1) is approximately an order of magnitude higher than at 70 C (4.5  10-4 s-1). 
This suggests that a much higher concentration of active radicals are generated during 
initiation at 90 C. The Ea value for thermolysis of Stryl-TITNO is 104.1 kJ mol
-1
, 
which is lower than the literature values of Ea for various styryl alkoxymines (116.0 – 
133.0 kJ mol
-1
). This explains why Styryl-TITNO-mediated polymerization is able to be 
performed at temperatures as low as 70 C. 
 
6.2 Miniemulsion Polymerization 
The structure of TITNO

 was designed to be hydrophobic in order to minimise 
partitioning into the aqueous phase on the basis that this should be an advantage in 
achieving control in miniemulsion polymerizations. 
 
Styryl-TITNO was shown to effect miniemulsion polymerization of both BA and 
styrene at 90°C. However, it appears that the miniemulsion polymerizations mediated 
by Styryl-TITNO were severely affected by an accumulation of free TITNO

 generated 
from bimolecular termination in the polymer particles and that the hydrophobic nature 
of TITNO

 was contributing to this build up, which causes the equilibrium of the 
reaction to shift strongly towards the dormant species. As a result, the polymerizations 
could attain no higher than 50% conversion before being suppressed almost completely 
by the accumulation of excess TITNO

 in the particles.  
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6.2.1 The Effect of L-Ascorbic Acid (L-AA) and L-Ascorbic Acid 6-Palmitate  
( L-AAP)  on Miniemulsion Polymerization of BA  
 
The use of L-AA and L-AAP as nitroxide scavengers to minimize the accumulation of 
excess TITNO

 in the miniemulsion polymerization of BA at 90 °C was investigated.   
 
L-AA was first dissolved in deionised water and the resulting solution was fed into the 
reaction. It was found that polymerizations with higher conversions were achieved in 
the presence of L-AA. However, the polymerization became retarded after 3 h, attaining 
 40% conversion. An increase in the concentration of L-AA had little effect on this 
limiting conversion. 
 
L-AAP could be dissolved directly into BA before miniemulsion preparation. In the 
presence of L-AAP, a noticeable increase in conversion was observed in the first 3 h of 
polymerization. A linear increase in Mn with conversion was observed and there is good 
agreement between experimental and theoretical Mn. However, the polymerization 
seemed to be strongly retarded after 5 h. A higher conversion was observed with 
increasing the concentration of L-AAP. Although L-AAP was shown to be more 
effective in controlling the excess TITNO

 than L-AA, it has a limited solubility in BA. 
The maximum solubility of L-AAP in BA is about 5 mM. A conversion of 48% was 
attained after 5 h with the use of the highest level of L-AAP, corresponding to  
5.36 mol% of L-AAP relative to Styryl-TITNO.  
 
6.2.2  The Effect of L-AAP on Miniemulsion Polymerization of Styrene  
 
The observed effect of temperature on solution polymerization of styrene shows that 
better control and living characteristics of polymerization were observed at 70 °C. Thus, 
miniemulsion polymerizations of styrene were studied at both 70 and 90 °C in the 
presence of 5 mol% of L-AAP relative to Styryl-TITNO. 
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At 90 °C, the polymerization seems to be retarded after 9 h and about 45% conversion 
was attained after 19 h. The experimental Mn was higher than the theoretical values and 
an increase in ƉM with time was observed, with the final value of ƉM = 1.6. There also 
is evidence that some polymer chains terminated because broadening of MWD with 
increasing conversion was observed. When polymerization temperature was reduced to 
70 °C, there is good agreement between experimental and theoretical values of Mn. 
MWDs of the polystyrene produced were much narrower than those obtained for the 
reaction at 90 °C. However, a significant reduction in both the rate of polymerization 
and the final conversion was observed, achieving 28% conversion after 39 h. The build-
up of free TITNO

 was suspected to be responsible for these observations. The 
equilibrium for reaction at 70 °C should shift further towards the dormant species than 
at 90 °C. This means that the concentration of active radicals is lower at 70 °C, which 
results in a lower rate of polymerization. Thus, reactions performed at 70 °C are 
expected to be more affected by the suppression of propagation by free TITNO

 than 
those conducted at 90 °C, causing a reduction in monomer conversion. 
 
6.2.3 Test for Livingness of TITNO-Terminated Poly(n-Butyl Acrylate) 
 
A dramatic increase in conversion for most BA polymerizations was seen in the first 3 h 
before the polymerization became retarded. The suppression of polymerization can be 
caused by either the build-up of excess TITNO

 in the reaction or a severe loss of active 
chains. Thus, chain extension of isolated TITNO-PBA was conducted to resolve this 
uncertainty. TITNO-PBA was synthesized in miniemulsion polymerization in the 
presence of 5 mol% of L-AAP relative to Styryl-TITNO at 90 
○
C for 3.5 h. The TITNO-
PBA obtained was then used as a macroinitiator to initiate the polymerization of styrene 
and BA at 90 
○
C. 
 
Based on the chain extension results, the majority of TITNO-PBA still maintained the 
ability to reinitiate both styrene and BA in solution and miniemulsion polymerizations 
at 90 °C. Thus, it can be concluded that the accumulation of free TITNO

 was mainly 
Chapter  6                                                                              Conclusions and Suggestion for Further Work
   
276 
 
responsible for suppression of the polymerization by strongly shifting the equilibrium of 
the reaction towards the dormant species. The build-up of free nitroxide in TITNO-
mediated miniemulsion polymerization was still an issue when TITNO-PBA was used 
as an initiating species instead of Styryl-TITNO.  
 
Another interesting point to report is that a better control of Mn and MWD was observed 
for miniemulsion polymerization of styrene at 90 °C when the reaction was initiated by 
TITNO-PBA instead of Styryl-TITNO. It was suspected to be due to the lower initial 
value of K for styrene polymerization initiated by TITNO-PBA at 90 °C, leading to  
a lower concentration of active radicals during initiation of polymerization. This would 
lead to a reduction in the loss of active chains in the early stages of polymerization, 
which subsequently results in better control than in the initial stages of 
homopolymerization of styrene initiated by Styryl-TITNO at 90 °C. 
 
6.3 Suggestions for Further Work 
Styryl-TITNO has been shown to be effective in controlling solution polymerizations of 
both BA and styrene. The effect of polymerization temperature on styrene 
polymerization was studied at three different temperatures (70, 90 and 110 C), leading 
to the discovery that good control of styrene polymerization can be achieved at 70 C. 
However, the rate of styrene polymerization at 70 C is relatively low and so a long 
reaction time is required to afford high monomer conversion. The determination of kd 
for Styryl-TITNO at different temperatures (70-100 C) shows that an increase in 
polymerization temperature will lead to an increase in kd and a higher concentration of 
active radicals in the system, which will increase the rate of polymerization. The values 
of kd observed at 70 C (4.5  10
-7
 s
-1
), 80 C (1.5  10-3 s-1) and 90 C (3.0  10-3 s-1) 
suggest that the effect of polymerization temperature should be further investigated 
(using 75, 80 and 85 C) in order to determine the optimum styrene polymerization 
temperature consistent with controlled polymerization, but at a moderately faster rate of 
polymerization. Styryl-TITNO mediated BA polymerisations were only performed at  
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90 °C, which may not be the optimum temperature. Hence, the effect of temperature in 
BA polymerization should also be studied with the aim of identifying optimum 
conditions. 
 
The use of Styryl-TITNO to synthesize polystyrene-block-poly(n-butyl acrylate)-block-
polystyrene (PS-b-PBA-b-PS) copolymers is of significant interest because they could 
be used as thermoplastic elastomers or for toughening other polymers. This has been an 
overall objective for the use of Styryl-TITNO in miniemulsion polymerization, but was 
not possible within the timescale of the present project. PS-b-PBA-b-PS could be 
prepared by using either an alkoxyamine of a difunctional TITNO

 analogue or Styryl-
TITNO as initiator. In the first route, a difunctional TITNO

-based alkoxyamine would 
first be used to initiate BA polymerization in two directions to form the end PBA 
blocks. This would be followed by initiation of styrene polymerization from the 
difunctional PBA alkoxyamine to form PS-b-PBA-b-PS. However, this would require 
design and synthesis of the alkoxyamine of a difunctional TITNO

 analogue, which may 
be a time consuming process. Additionally, the resulting PS-b-PBA-b-PS would have 
two weak alkoxyamine links in the central PBA block, which is not ideal.  In the other 
route, styrene would be polymerized first using Styryl-TITNO as initiator to form 
TITNO-terminated polystyrene (TITNO-PS), which would then be used to initiate 
polymerization of BA to form a block copolymer of styrene and BA (PS-b-PBA). 
Finally, PS-b-PBA-b-PS would be formed by initiating polymerization of styrene using 
the TITNO-terminated PS-b-PBA alkoxyamine. The labile alkoxyamine link would 
then be at a chain end. The ability of Styryl-TITNO and of TITNO-terminated PBA to 
initiate polymerization of styrene is proven by the work presented in this thesis. 
However, initiation of BA polymerization by TITNO-PS is required in both routes to 
PS-b-PBA-b-PS, but has not been studied here and so would need to be investigated as 
the first stage in further work aimed at synthesis of PS-b-PBA-b-PS.  
 
